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Abstract 
Universal Metastability of Sickle Hemoglobin Polymerization 
Weijun Weng 
Frank A. Ferrone Supervisor 
 
 
Sickle hemoglobin (HbS) is a natural mutation of the normal hemoglobin (HbA) found in 
the red blood cells of human body.  Polymerization of HbS occurs when the 
concentration of deoxyHbS exceeds a well-defined solubility, which is the underlying 
cause of the Sickle Cell Disease.  It has long been assumed that thermodynamic 
equilibrium is reached when polymerization comes to an end.  However, in this thesis 
we demonstrate that in confined volume as well as in bulk solution, HbS polymerization 
terminates prematurely, leaving the solution in a metastable state.  A newly developed 
Reservoir method as well as modulated excitation method were adopted for the study.  
This discovery of universal metastability gives us new insights into understanding the 
mechanism of sickle cell disease. 
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Chapter I: Introduction 
 
Progressive Understanding of Hemoglobin 
 
Hemoglobin is a globular protein whose main function is to carry and deliver oxygen 
via its iron-containing heme groups.  It is the most important constituent of the 
erythrocyte commonly found in the blood of vertebrates and other animals.  
Hemoglobin is indispensable in its role of sustaining the metabolism of vertebrate 
animals.  It is also one of the most widely studied proteins in modern biology, yet in 
retrospect our understanding about hemoglobin has been progressive. 
In medieval times, people believed that blood circulation started from the head and 
streamed downward towards the end of the body.  The blood would then vanish, 
necessitating the manifestation of new blood in the head.  It was not until 1628 when 
English doctor William Harvey published his book An Anatomical Study of the Motion of 
the Heart and of the Blood in Animals that the perception of blood started to change.  
Harvey’s meticulous observations in animal experiments established the theory of blood 
circulation.  He found that blood is pumped by the heart into the arteries.  It then 
circulates through the capillaries and flows back to heart through veins.  In 1747, Italian 
scientist Vincenzo Menghini was the first to demonstrate the presence of iron inside 
erythrocytes by burning blood and finding the residues were attracted to magnets.  A 
few decades later in 1783, French chemist Antoine Laurent Lavoisier extended his 
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famous Law of Conservation of Mass to the respiratory system.  He concluded that the 
amount of heat produced in respiration, where oxygen is converted into carbon-dioxide, 
is the same as in combustion.  Swedish chemist Berzelius (1806) successfully separated 
the red material from blood cells into a protein called “globin” and into a colored part 
which contains iron oxide, called a “heme” group.   
Although hemoglobin was still not “officially” discovered yet, other conclusions 
about circulation were still being made.  Magnus (1837) found more carbon dioxide in 
venous blood than in arterial blood and concluded that carbon dioxide must have been 
added into the blood during circulation, overturning the idea that oxidation process 
happened in the lungs.  Finally in 1862, a milestone in medicine was established when 
German physician Hoppe-Seyle (1862) created the term “Hemoglobin” to describe the 
distinctive absorption spectrum of the red pigment in blood.  In other notable 
contributions, Hoppe-Seyler crystallized hemoglobin and confirmed that it contained iron.  
Two years later, Hoppe-Seyler’s findings were carried forward by the British scientist 
Stokes (1864).  He discovered the shifts in the absorption peak when the blood solution 
was treated with a reducing agent, alkaline ferrous tartrate, and subsequently exposed to 
air.  By relating this reversible transition to the red oxyhemoglobin and the purple 
deoxyhemoglobin form of blood found in arteries and veins, Stokes identified the 
function of hemoglobin in blood circulation: oxygen carrier and deliverer.  Hüfner (1884) 
reported the maximum oxygen binding capacity of hemoglobin to be 1.34 ml/g of Hb.  
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Hüfner’s constant agreed very well with the prediction based on iron content and the 
modern theoretical value of 1.39 ml/g. Zinoffsky (1886) calculated the minimal 
molecular weight of hemoglobin to be 1 iron / 16,669 daltons protein based on analytical 
determination. 
Since then, research interests have been focused on the understanding of how 
hemoglobin’s binding affinity reacts to the varying partial pressure of oxygen.  The first 
in vivo experiment studying the relationship between hemoglobin saturation and oxygen 
partial pressure was conducted by Paul Bert (Barometrique 1878).  But the more 
detailed work was completed by Danish physiologist Christian Bohr together with other 
investigators (1904).  Although, Gustav von Hüfner had assumed the shape of 
dissociation curve to be a rectangular hyperbola based on presumption that one molecule 
of hemoglobin would combine with one molecule of oxygen, Bohr’s discovery proved 
otherwise: the dissociation curve assumes a sigmoid shape.  Bohr also discovered that 
hemoglobin’s affinity for oxygen would decrease with increased level of carbon dioxide, 
a decrease in pH or increase in temperature, which is now universally accepted as the 
Bohr effect.  The implication of Bohr effect is profound.  Haldane had put it: “A man 
would die on the spot of asphyxia if the oxygen dissociation curve of his blood were 
suddenly altered so as to assume the form which Hüfner supposed it to have in the living 
body (Haldane 1922).”  However, a sigmoid shape binding curve actually demonstrates 
the cooperativity of hemoglobin.  Hemoglobin binds oxygen in the lungs where partial 
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pressure is high and releases it to tissues where oxygen is scarce.  This is especially true 
when tissue’s high metabolic rate produces a lot of carbon dioxide and lactic acid which 
in turn causes pH to decrease and shifts the binding curve to the right.  This adaptation 
facilitates the dumping of oxygen, allowing tissue to obtain enough oxygen to meet its 
demand.  Conversely, British physician Haldane (Christiansen 1914) discovered that the 
presence of oxygen would decrease the affinity of hemoglobin for carbon dioxide, known 
as Haldane effect.  Both the Bohr effect and its counterpart Haldane effect promote the 
efficient exchange of gas in the respiratory system. 
Inspired by the sigmoid dissociation curve, Hill (1910) proposed a scheme that 
permitted aggregates of variable size, allowing n molecules of hemoglobin to bind to 
oxygen simultaneously.  Based on this theory, he used his now-famous Hill equation to 
describe dissociation curve.  The Hill coefficient n indicates the degree of aggregation.  
By allowing a mixture of aggregates, Hill’s model fits most part of the dissociation curve 
quite well for n=2.5, but it is fundamentally different from the allosteric regulation that 
we now understand determines hemoglobin’s cooperativity.  The breakthrough in the 
understanding of hemoglobin’s molecular structure had to wait until 1925, when Adair 
(1925a) determined the molecular weight of hemoglobin to be between 67,000 and 68000, 
based on osmotic pressure experiments.  Therefore hemoglobin is made up of four 
functional units instead of one.  Adair also formulated a series of equations to describe 
the interaction of hemoglobin with oxygen in terms of four successive ligands binding to 
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the tetramer (Adair 1925b), which is still widely used today.  Henderson (1928) 
elaborated the buffer mechanism under which hydrogen ions, carbonic acid and 
bicarbonate are regulated and balanced in respiratory system.  Linus Pauling is no doubt 
the guru in the medical research of hemoglobin and sickle cell disease.  In 1937, he 
proposed an allosteric model based on the square arrangement of interacting hemes.  It 
was among the first models that offered a structural interpretation of the oxygen 
equilibrium of hemoglobin.  Using the new technique of protein electrophoresis, Pauling 
showed in 1948 that the hemoglobin from sickle cell patients is different than that of 
normal hemoglobin.  This finding made sickle cell disease the first disease whose 
underlying molecular cause was identified, a milestone in molecular biology. 
Max Perutz was another major historical figure in hemoglobin research.  He 
developed a phased X-ray diffraction method to reconstruct protein crystal structures at 
high-resolution.  Relying on this technique, he determined the hemoglobin structure in 
1960.  As an alternative to Adair’s sequential model, Monod, Wyman, and Changeux 
proposed an allosteric model (Monod, Wyman et al. 1965).  It considers two 
conformational states having different oxygen affinity, but within the same quaternary 
structure, binding affinity is identical.  The MWC model assumed a relaxed (R) 
conformation and a tense (T) conformation, which were confirmed by X-ray 
crystallization.   In the subsequent year, (Koshland DE 1966) offered another model 
(KNF).  In contrast to the concerted transition of MWC model, it suggests a progressive 
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transition between states brought about by sequential changes in tertiary structures 
induced by ligand binding. 
 
 
Red Blood Cells and Circulation 
 
An average adult has a total of 5 liters blood and human blood density is around 
1060 kg/m3, not very much different from water density.  Therefore blood constitutes 
about 7% in terms of human body weight.   
Human blood contains a few types of cells suspended in straw-colored fluid, called 
plasma.  The cellular constituents occupy about 45% of the blood volume, leaving the 
remaining 55% to the plasma medium.  Of the several types of cells found in blood, red 
blood cells or erythrocytes exist in enormous concentration.  In every milliliter of blood, 
there are 5 billion red cells.  Unlike other cells, red cells do not contain a nucleus.  The 
red cell’s main function is to carry hemoglobin in large quantity and deliver oxygen to the 
tissues.  Although outnumbered by erythrocytes, white blood cells are important part of 
our immune system.  They help our body defend against infectious disease and foreign 
material.  The other component of blood cells is platelets.  These irregular-shaped 
platelets are responsible for blood clotting, without which bleeding will be hard to stop.  
Plasma is the liquid portion of the blood.  It helps to distribute cells, nutrients, proteins 
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and vitamins as it circulates throughout the body. 
Red blood cells of human have very simple structures.  They do not contain any 
nucleus.  The red cell structure resembles that of a bean bag, with enormous quantities 
of hemoglobin molecules enclosed by the cell membrane.  The diameter of human red 
blood cell is about 6-8 μm.  A typical erythrocyte contains 270 million hemoglobin 
molecules. 
Red blood cells are produced in bone marrows but they travel in the circulatory 
system.  The whole circulatory system consists of the heart, the arteries, the capillaries 
and the veins.  The heart pumps the blood full of oxygen into the arteries.  As the blood 
travels farther and farther away from the heart, the arteries get narrower and narrower.  
Eventually it reaches the capillaries where most of the oxygen is delivered and carbon 
dioxide, the waste gas from the cell is collected.  The capillaries then connect with the 
smallest veins and the veins get bigger and bigger as the blood completes its roundtrip 
back to the heart.  The apparent color of the blood is determined by its saturation with 
oxygen.  It is scarlet in lungs and arteries where the majority of hemoglobin is bound 
with oxygen.  As more and more oxygen is dissociated, the blood turns into brown in 
veins. 
The blood flow rate is inversely proportional to the cross section of the blood vessels 
and the total cross section of all capillaries combined is far larger than that of all arteries, 
so the capillary flow rate is slowest.  This fact facilitates the efficient exchange of gas 
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and materials inside tissues.  The normal pH value of human blood in arteries is around 
7.40, which is a weak alkaline solution.  The acid-base balance of blood is important to 
the regulation of oxygen dissociation, according to Bohr effect.  The average life cycle 
of a red blood cell is approximately 120 days.  Since red blood cells lack nucleus, they 
can not divide or synthesize new cellular materials.  As a result, they are constantly 
degraded and being replenished by new ones. 
 
 
Hemoglobin Structure 
 
Like all other proteins, hemoglobin is made up of amino acids.  Amino acids are 
building blocks of proteins.  In nature, there are 20 genetically coded amino acids.  
Depending on their affinity to water, they are normally grouped into three categories: 
polar (hydrophilic and commonly found at the exterior of a protein), apolar (hydrophobic 
and usually embedded inside a protein) and neutral (being ambivalent towards water).  
All amino acids (in biochemical terms) contain an amine group and a carboxyl group 
attached by the same carbon.  The difference between amino acids lies in the structure 
of its side chain (R group).  According to the nomenclature, one letter or three letters are 
assigned to each amino acid based on its distinct side chain.  Thus Leucine is 
represented by Leu or simply L, etc.  A protein is indeed a polypeptide chain of such 
amino acids connected through peptide bonds. 
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Fig 1-1 Structure of hemoglobin tetramer. 
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Normal human hemoglobin is a tetrameric protein composed of four functional 
subunits, two α chains and two β chains, with 141 and 146 residues respectively.  
Therefore, in total there are 574 amino acids inside a hemoglobin molecule.  
Hemoglobin is approximately spherical in shape with dimensions of 65 x 55 x 50 Å.  Its 
molecular weight is about 65,000 Daltons.  Each subunit is a well folded globular 
protein mimicking the structure of a myoglobin, with a heme-binding pocket.  There are 
no covalent bonds between subunits.  They are mainly connected through hydrogen 
bonds, salt-bridges and hydrophobic interactions.  To form a tetramer, one α and one β 
chain first form a dimer around a two-fold symmetry axis.  Then two dimers combine to 
form a hemoglobin tetramer.  The interaction between α1β1 (and α2β2) inside a dimer is 
much tighter than that along the interface between two dimers, i.e. α1β1 and α2β2.  
Therefore, a hemoglobin tetramer can readily dissociate into two dimers, and it is often 
called “dimer of dimers.”  The dissociation constant for oxyHbA is about 6101 −×  M at 
pH 7.0 compared with only 12102.3 −× M for deoxyHbA (DONALD H. ATHA 1976). 
Primary structure is the linear sequence of the amino acids that make up of the 
molecule.  For example, the α chain and β chain of hemoglobin differ in terms of their 
number and order of residue arrangement. 
Secondary structure refers to the spatial arrangement between amino acids and their 
near neighbors.  They are often mediated by hydrogen bonds.  Two types of common 
secondary structure are: α-helix and β sheets.  The secondary structure of hemoglobin 
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contains only α-helix.  There are altogether eight α-helices in each subunit, accounting 
for 75% of the hemoglobin molecule.  In most α-helices, amino acids coil up to form a 
right-handed helical structure.  An α-helix is indeed repetition of hydrogen bonds 
between the N-H group of an amino acid and the C=O group of another amino acid four 
residues apart.  Each turn in the helix is completed by an average of 3.6 amino acids. 
Tertiary structure refers to the steric configuration of amino acids that are further 
apart along the sequence.  It describes the spatial relationship of different secondary 
structures to one another within the same polypeptide chain.  Each subunit of a 
hemoglobin tetramer can have two kinds of tertiary structure depending on the binding 
state of the heme it contains.  It assumes the r (relaxed) state if there is a ligand bound to 
the heme or the t (tense) state if heme binding site is vacant. 
Quaternary structure stands for the interactions and spatial arrangement among 
different polypeptides.  The hemoglobin tetramer has two quaternary structures, R and T.  
A deoxyhemoglobin usually assumes T quaternary structure, which has a low affinity for 
oxygen.  As it binds more and more ligands to its heme sites, not only does it change the 
local tertiary structure, it also induces global movement of the subunits, breaking salt 
bridges, hydrogen bonds and other spatial constraints associated with the T state.  As a 
result, hemoglobin switches into the R or an alternative R2 quaternary structure which 
binds oxygen more easily. 
Each hemoglobin subunit contains 8 α-helices.  Starting from the N terminal of the 
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polypeptide, these α-helices are lettered from A to H in alphabetic order.  Interhelix 
bands are identified by double letters of the helices that they connect, such as NA, EF, 
and HC, etc.  Hence, amino acids can be specified according to their relative position in 
the helix, such as F8 histidine stands for that the eighth position of the F helix is a 
histidine.  Alternatively, each residue can also be designated by its position in the entire 
α or β chain sequence.  For example, β6 Glu means that the sixth position of β chain is 
glutamic acid. 
For hemoglobin as well as myoglobin, their physiological importance is related with 
the ability to bind with molecular oxygen, which is accomplished by the heme group it 
contains.  A heme group is composed of an iron atom residing in the center of a 
protoporphyrin ring.  It is embedded in a hydrophobic pocket near the surface of the 
hemoglobin, surrounded by helix B C E F G H and segment CD.  The central iron atom 
has six coordinates, four of which are covalent bonds between Fe-N, sharing the same 
plane with the porphyrin ring.  The fifth coordinate is perpendicular to the heme plane.  
It is formed by a covalent bond between the iron atom and the nitrogen atom of the 
proximal histidine (F8).  The sixth coordinate is also normal to the heme plane at the 
other side.  It is reserved for ligands, such as oxygen, carbonmoxide, etc.  In 
deoxyhemoglobin, the heme structure is domed and penta-coordinate.  Pulled by the 
proximal histidine, the iron atom is about 0.4Å out of the heme plane.  Upon 
oxygenation, oxygen is bound at the sixth coordinate, which drags the iron atom back to 
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the same plane with the porphyrin ring.  The distal histidine (E7) helps stabilize the 
oxygen.  This change in steric arrangement at the periphery of the iron atom not only 
alters the tertiary structure of the subunit, it also triggers the allosteric transition in 
hemoglobin quaternary structure, from T to R. 
The compound 2,3-diphosphoglycerate, also know as 2,3 BPG or DPG is a potent 
allosteric effector on the oxygen binding properties of hemoglobin.  The binding of 
DPG to hemoglobin has the effect of stabilizing the T quaternary structure by forming 
four pairs of salt bridges within a cavity between two β chains.  However, upon 
oxygenation, structure changes around heme pocket can induce modifications that extend 
to the contact areas between the two functional dimers, causing the rotation and 
translation of the α1β2 interface which leads to the T to R or R2 transition.  DPG is 
expelled during this transition, releasing the constraints that strengthened the T 
conformation.  The presence of DPG favors T quaternary structure over R quaternary 
structure and decreases the amount of oxygen bound by hemoglobin at any oxygen 
concentration.  As a result, it shifts the oxygen dissociation curve to the right, 
amplifying the cooperativity of hemoglobin.  The effect of DPG also has to do with 
altitude adaptation.  At very high altitude, oxygen is scarce; normal oxygen dissociation 
curve becomes unfavorable for survival.  As a response, the synthesis of DPG is 
significantly suppressed, allowing hemoglobin to bind oxygen more easily at low partial 
pressure.  Fetal hemoglobin HbF with γ chains instead of β chains binds DPG much less 
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avidly compared with HbA.  Therefore, the fetus is favored in the competition for 
oxygen carried by mother’s circulatory system. 
Depending on the oxygenation state of iron atom, the derivatives of hemoglobin can 
be divided into ferrous hemoglobin (Fe2+) and ferric hemoglobin (Fe3+).  DeoxyHb, 
oxyHb and carbon monoxide hemoglobin (HbCO) belong to the ferrous state.  Met 
hemoglobin has a water molecule as its ligand, and is in ferric state.  It can not bind with 
oxygen or any other ligands.  Each of these hemoglobin derivatives has its distinctive 
spectroscopic features in the near violet and visible bands.  
 
 
Cooperative Binding 
 
In order to understand the cooperative binding of hemoglobin, it is necessary to 
understand the binding property of its counterparts: myoglobin.  The structure of 
myoglobin looks very much like an individual subunit of hemoglobin.  It is composed of 
eight α-helices folded together with a heme group embedded in a hydrophobic pocket.  
Since each myoglobin molecule contains only one binding site, it can only bind with one 
molecule of oxygen, according to the equation: 
22 MbOOMb ↔+                                                  (1.1) 
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This leads to the equilibrium constant K of the reaction to be: 
[ ] [ ][ ]( )22 /' OMbMbOK =                                             (1.2) 
or 
[ ] [ ]( )pMbMbOK /2=                                               (1.3) 
where p is the partial pressure of oxygen.  The second equality follows from Henry’s 
law that concentration of free oxygen in solution is proportional to its partial pressure.  
It is convenient to express the measurement in terms of the fractional saturation, the ratio 
of the liganded species to the total population, i.e. 
[ ] [ ] [ ]( ) )1/(/ 22 KpKpMbOMbMbOy +=+=                             (1.4) 
Following from this equation, the equilibrium constant K is simply the reciprocal of 
oxygen pressure at half saturation, i.e. p50.  The shape of the binding curve defined by 
equation 1-4 is a rectangular hyperbola.  At very low value of p, when Kp<<1, the 
saturation increases almost linearly with the partial pressure with a slope of K.  When 
partial pressure is high, i.e. Kp>>1, saturation approaches its limit of unity.  Myoglobin 
does not exhibit any cooperative binding of oxygen, since cooperativity is property 
totally reserved for multimeric proteins, such as hemoglobin. 
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Hemoglobin binds oxygen and carbon monoxide with positive cooperativity.  
When ambient oxygen pressure is low, binding to the first ligand is energetically 
unfavorable.  However, modification of the tertiary structure inside the liganded subunit 
can induce further changes to the global hemoglobin conformation, so that the successive 
binding to oxygen becomes easier and easier.  In other words, the four subunits of 
tetrameric hemoglobin are not independent.  The subunit can “feel” the impact of 
binding that occurs at one of its neighbors, which increases its own affinity for oxygen. 
Physiologically, cooperativity is very crucial to the efficient transportation of oxygen 
in circulatory system.  Cooperative binding is much more than just easy binding, as is 
the case of myoglobin.  Myoglobin lacks a control mechanism to adjust its affinity.  
Even at very low partial pressure, myoglobin can still bind with oxygen.  Given its 
hyperbolic dissociation curve, myoglobin is unsuitable for oxygen delivery.  In contrast, 
hemoglobin is capable of tuning its affinity in response to ambient oxygen pressure, 
thanks to its quaternary regulatory mechanism.  In another word, it is not the absolute 
binding affinity that makes hemoglobin excel as an ideal transporter; it is indeed its poor 
affinity at low ambient pressure that makes oxygen dumping more effective.  
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MWC model 
 
Because individual subunits of hemoglobin are functionally and structurally very 
similar to myoglobin, which itself does not exhibit any cooperativity, then the 
cooperativity of hemoglobin must originate from some positive interactions between 
different subunits of the same molecule.  However, the iron atoms to which the ligands 
bind are at least 25 to 40 Å apart.  This separation is too large to make any direct 
interactions between iron atoms plausible. 
Amongst a number of models which seek to find a structural basis for hemoglobin’s 
cooperativity, the MWC model is the most important allosteric model, proposed by 
Monod et al in 1965.  The MWC model is based on several assumptions:  
a) The hemoglobin tetramer assumes two quaternary structures: R and T.  Both 
conformations can bind up to four molecules of ligand. 
b) Each subunit of hemoglobin contains only one binding site, and there is no 
distinction between α and β chains in terms of its binding property. 
c) Subunits have different affinities for ligands depending on if hemoglobin 
tetramer is at T or R quaternary structure.  
d) Within the same quaternary conformation, the binding of any one ligand to the 
subunit is intrinsically independent of the binding of any other. 
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Figure 1-2  The free energy diagram of hemoglobin in MWC model.  It consists two 
sets of energy ladders corresponding to R and T quaternary structures.  Within each 
conformation, there are five possible states distinguished by the number of ligands bound, 
from 0 to 4.  The spacing between the two adjacent states within the same scaffold 
stands for the free energy difference when each additional ligand is bound to the tetramer: 
ΔGR and ΔGT.  The two quaternary structures can convert into each other according to 
the transition rate: kTR and kRT.  Each liganded state can have different kTR and kRT. 
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According to these assumptions, each quaternary structure has five states: 0, 1, 2, 3, 4, 
depending on the number of ligands bound to the tetramer.  Since binding affinity within 
the same quaternary conformation is fixed, this creates two sets of equally spaced 
manifolds of free energy states, as depicted by Figure 1-2. 
Under each conformation, the binding and dissociation of ligand to hemoglobin 
follows from a set of reversible reactions:  
n
K
n RXR
Rn⇔+−1      and     n
K
n TXT
Tn⇔+−1  
where KR and KT are equilibrium constants for the corresponding reactions.  They are 
related to the intrinsic site-binding constant κR and κT with appropriate statistical factors 
xn:  
nTR
n
n
nTR xXR
RK ×==
−
)(,
1
)(, κ                                          (1.5) 
where 4/1,3/2,2/3,4 4321 ==== xxxx . Therefore, the MWC model can be 
characterized with three parameters: κR, κT and equilibrium constant L0 between the 
unliganded states T0 and R0, where [ ] [ ]000 RTL = .  It can be further simplified by letting 
α=κRx and defining the relative affinities c=κR/κT.  In order to interpret binding 
experiments, the sum of the concentrations of all of the species, i.e. the binding 
polynomial is often used.  Then the binding polynomial for hemoglobin after 
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normalization is:  
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0 cLLQ αα ++++= −                                    (1.6) 
The fractional saturation Y can be derived from the binding polynomial by:  
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Normally L0=105 and c=0.01 provide very good fit to the experimental equilibrium curve 
(Hofrichter 1979).  This means that in the absence of ligand, the hemoglobin molecule 
strongly favors the T conformation.  Within the T structure, the free energy difference 
associated with binding a ligand is much less than that of the R structure.   
RTRT RTRTGG κκ lnln −=Δ−Δ  
0lnln <−=−= cRTRT
T
R
κ
κ                                 (1.8) 
where, R is the gas constant, T is the absolute temperature in Kelvin.  However, as more 
and more ligands are bound, the conformation equilibrium starts to tilt towards the R 
state.  This transition shifts the hemoglobin molecule into a high affinity state and thus 
the last couple of ligands will bind with great ease.  The MWC model is very successful 
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in that it is based on the simple idea of allosteric transition, which captures the essence of 
hemoglobin’s cooperative binding in terms of very few parameters.  It also connects 
structure and function very simply. 
 
 
HbS Polymerization and Sickle Cell Disease 
 
Sickle hemoglobin HbS is a natural mutation of normal hemoglobin HbA.  The 
mutation occurs at the 6th position of both β chains.  A negatively charged glutamic acid 
is replaced by a neutral valine, Glu(E) Æ Val(V). 
The hemoglobin molecule, like most other proteins, lives in an aqueous medium, 
where it is encompassed by a shell of water molecules or other charged ions.  In order to 
achieve a stable structure, i.e. minimum free energy, a protein is often folded into a way 
that exposes its polarized residues at the surface and buries its neutral amino acids in the 
interior.  The β6 position locates at the exterior of the hemoglobin molecule, therefore 
the substitute hydrophobic valine, although preferring to be buried in the folded globular 
structure, becomes an anomaly amongst other hydrophilic residues. 
Because the mutation site β6 is not in the vicinity of the heme, nor is it part of the 
hinge and switch group that controls the quaternary transition of the tetramer, dilute 
sickle hemoglobin solution behaves very similar to the normal hemoglobin solution in 
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terms of its thermodynamic properties and kinetics of ligand binding.  Gill et al. (1979) 
found that for HbS solutions of concentration lower than that necessary for gelling to 
occur, its oxygen binding curve is almost identical to that of the normal hemoglobin.  
(Pennelly and Noble 1978) compared the kinetics of ligand binding and dissociation in 
the absence of polymerization and found no difference between HbS and HbA. 
However, a hazard germinates when concentrated sickle hemoglobin solution 
becomes deoxygenated.  Under such conditions, solution phase monomers aggregate 
into long multi-stranded polymer fibers inside the red blood cell.  These fibers are so 
rigid that they often distort the erythrocytes.  In order to pass through the narrowest 
capillaries, the red blood cell relies on its flexibility to change its shape, because the 
diameter of a typical human capillary measures around 5-10 μm, which is of similar 
dimension and sometimes narrower than the size of the red blood cell.  Now that the red 
blood cell is stiffened by the polymer fibers and no longer deformable, it could be stuck 
inside the capillary and occlude the blood circulation.  As a result, local tissues suffer 
from oxygen deprivation caused by capillary occlusions, which may lead to long term 
organ damage and fatality.  The distortion by polymer creates a variety of bizarre shapes, 
among which is the contorted banana or sickle shape.  That is how sickle cell disease 
gets its name. 
Sickle cell disease is a genetic disease.  Therefore, it is hereditary but not 
contagious.  It mostly affects people of African ancestry, as well as other ethnicities of 
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Mediterranean and Middle Eastern descent.  According to the American Sickle Cell 
Anemia Association, in USA approximately two million African Americans, or one in 
every twelve, have sickle trait, i.e. bearing one gene of the disease, among which about 
72,000 actually carry the sickle cell disease according to NIH.  Although upon 
oxygenation, sickle hemoglobin fibers can melt and therefore restore the original shape of 
the red blood cell, repeated polymerization can damage the cell membranes.  A typical 
red blood cell lives about four months, whereas fragile sickle cells last only 10 to 20 days, 
which usually causes anemia.  This is why sickle cell disease sometimes is called sickle 
cell anemia.  The destruction of cells may also lead to pathology beyond simple anemia.  
The symptoms for patient suffering from sickle cell disease may include vaso-occlusive 
crisis, chest pains, stroke, etc. 
 
 
Polymer Structure 
 
The molecular basis for sickle cell disease is the formation of rigid HbS polymers 
inside the red blood cell.  Electron microscopy has revealed that the sickle hemoglobin 
polymers are composed of seven double strands of twisted fibers (Dykes, Crepeau et al. 
1978) with a diameter of 20 nm.  The structural basis of the sickle fiber is a 
double-strand.  In each double strand, the substitution of valine for glutamic acid at β6 
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position creates a sticky protuberance on the surface of the hemoglobin molecule.  In 
order to get away from the water molecules, the valine β6 from strand 1 docks itself into 
a hydrophobic pocket in the EF corner of the β chain of adjacent hemoglobin in strand 2.  
Since each hemoglobin tetramer contains two β chains and each β has a valine as a donor 
and a hydrophobic pocket as a receptor, the original tetramer on strand 1 whose β1 
donates the valine, its β2 hydrophobic pocket can accept the valine from the next 
molecule down the chain of strand 2.  Thus, the tetramers can aggregate together in a 
half-staggered fashion.  This type of donor-receptor interaction constitutes the lateral 
contacts of the double strand and is energetically favorable because of the hydrophobic 
nature of valine.  On the other hand, axial contacts refer to the hydrophobic interactions 
across a group of residues between successive molecules along the same strand. 
The EF pocket for β6 valine is composed of Phe β85 and Leu β88 lining at the 
bottom, and Asp β73, Thr β84, and Thr β87 around the pocket perimeter as is shown in 
Figure 1-3.  One important factor of this donor-receptor model is that the sickle 
hemoglobin polymer has to be constructed in a concerted manner as described above.  
This fashion of aggregation demands some particular spatial arrangements that require 
both the donor and receptor to be simultaneously at the appropriate positions for their 
counterparts in an adjacent chain, which can only be found in deoxygenated state or T 
conformation.  When hemoglobin binds with oxygen and shifts from T state to R state, 
the conformational change induced by this transition makes it impossible for this 
coordination to occur.  Therefore, the T quaternary structure is the prerequisite for the 
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self-assembly of sickle hemoglobin. 
 
Figure 1-3 Donor-receptor model of sickle hemoglobin polymer.  The 2β6 valine is 
embedded into a hydrophobic pocket formed mainly by Phe 85, Leu 88 and Asp β73 of 
an adjacent 1β subunit (Ivanova, Jasuja et al. 2001). 
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Kinetics of HbS Polymerization 
 
Observation of sickle hemoglobin polymerization reveals a delay period followed by 
an exponential growth.  This particular feature was successfully characterized by the 
double-nucleation model (Ferrone, Hofrichter et al. 1985) which was later corroborated 
in direct observations (Samuel, Salmon et al. 1990). 
According to the double-nucleation model, the first polymer in a solution has to 
form through spontaneous fluctuations of monomers.  The molecular contact energy is 
not that high, and the aggregation of the first few monomers has to pay a big entropic cost.  
The translational and rotational free energy of monomers in bulk solution is only partially 
compensated by the motional freedom permitted in a polymer lattice.  In the intimate 
interplay of contact energy gain and entropic loss, a small aggregate is less favorable than 
individual monomers, or kinetically speaking, the dissociation rate is greater than the 
association rate.  Because the number of molecular contacts per monomer increases with 
the size of aggregates in the early stage of polymerization, the energetic balance starts to 
tilt towards further aggregation when it reaches a critical size, i.e. homogeneous nucleus.  
The size of the nucleus is not determined by the biological or geometrical requirement; it 
is rather a reflection of thermodynamic bottle-neck.  The nucleus resembles a transition 
state, which is the highest point in the free energy diagram.  Therefore it is actually the 
least stable state.  Once the polymer size surpasses the critical nucleus, each addition of 
monomers becomes energetically favorable.  The polymer has overcome the energetic 
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barrier and now can grow simply through elongation. 
The presence of polymers also providers a secondary pathway of polymerization, 
called heterogeneous nucleation.  In heterogeneous nucleation, a nucleus form on the 
surface of existing polymers, taking advantage of the contact sites available.  The 
surface sites provide additional stability to the nucleus, making the transition (critical 
nucleus) occur at a smaller size.  The heterogeneous nucleation depends on the number 
of available contact sites, which is generally proportional to the surface area or 
concentration of polymerized hemoglobin.  Therefore, this process is autocatalytic.  As 
polymer concentration increases from nucleation and elongation, so does the rate of 
creating new heterogeneous nuclei, explaining the exponential growth of polymers.  
Both homogenous and heterogeneous nucleations are extremely sensitive to 
concentration.  Although polymerization has to be initiated by homogeneous nucleation, 
the majority of polymers are formed via heterogeneous nucleation unless initial 
concentration is very high. 
The unusual kinetics of sickle hemoglobin polymerization has significant 
implications towards the pathology of sickle cell disease.  Oxygen delivery occurs most 
efficiently in capillaries where red blood cells have to squeeze their way through.  When 
cells deoxygenate inside capillaries and are thus capable of polymerization, they are 
likely to get stuck.  Equilibrium studies predict a big fraction of cells would be sickled 
at venous pressure (Mozzarelli, Hofrichter et al. 1987).  If this were true, sickle patients 
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should experience constant pain or crisis.  However, in reality sickle cell disease is often 
minor with a spasm of episodes, which implies that most cells escape entrapment in 
capillaries.  The reason has to do with kinetics of gelation.  The transit time for an 
erythrocyte to pass through capillary is about one second.  If the delay time is much 
longer than the typical transit time, the likelihood of entrapment is reduced.  On the 
other hand, any remnant of polymers inside the red cell after one circulation will obviate 
the delay time and expedite the kinetics.  The exact pathophysiology of sickle cell 
disease involves a number of other factors and is thus much more complicated than this, 
but the gelation kinetics plays a critical role.  Figure 1-4 shows the double nucleation 
mechanism. 
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Figure 1-4.  The double-nucleation mechanism of sickle hemoglobin polymerization 
(Ferrone, Hofrichter et al. 1985).  The lengths of forward and backward arrows refer to 
the relative magnitudes of association and dissociation rates.  
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Thermodynamics of HbS Polymerization and Nonideality 
 
The sickle hemoglobin polymerization assumes a two-component or two-phase 
system, resembling a crystallization process (Hofrichter, Ross et al. 1974), (Hofrichter, 
Ross et al. 1976).  When the gel system is in thermodynamic equilibrium, the solution 
monomers and the polymers undergo reversible conversion, which is shown in figure 1-5. 
 
Figure 1-5.  Solution phase monomers in thermodynamic equilibrium with the polymer 
phase hemoglobin (Eaton and Hofrichter 1990).  
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When polymer and solution phase hemoglobin coexist in thermodynamic 
equilibrium, the concentration of monomers is regarded as solubility cs or sometimes 
designated as csat.  The solubility of hemoglobin is an important thermodynamic 
quantity which is a measure of the molecular contacts that make up the polymer.  We 
can calculate the solubility of hemoglobin by equating the chemical potential of the 
monomeric hemoglobin and that of polymer.  
The chemical potential of monomeric hemoglobin μm includes the translational and 
rotational entropy and a term that accounts for the non-ideality of the crowded solution.  
)ln( cRTTRm γμμ +=                                                (1.9) 
In this equation, R refers to the gas constant, T is the absolute temperature, c is the 
concentration of monomers and γ stands for the activity coefficient. 
In ideal solutions, the concentration of the solute is very dilute.  Therefore, the 
activity of the solute is accurately described by the concentration itself.  However, when 
the concentration of the solute gets higher and higher and the solution is significantly 
crowded, the concentration alone can no longer truly reflect the interactions between 
different molecules in the solution. 
A lot of biomolecules and proteins exist in high concentrations and hemoglobin is 
one example.  When they exist in high concentration, they also occupy a substantial 
volume fraction which makes them a lot closer than if they would otherwise be simply 
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considered by number density.  In erythrocytes, the typical hemoglobin concentration is 
about 34 g/dl.  At this concentration, the center to center distance between adjacent 
hemoglobin molecules is 1.6 times Hb molecular diameter, whereas the edge to edge 
distance is merely 0.6 diameters apart.  In such case, using concentration, which is the 
number of particles per unit volume, significantly underestimates the likelihood of 
interaction.  In order to account for this crowding effect, activity coefficient γ is 
introduced.  Therefore, the activity of solute after non-ideality correction becomes the 
product of the concentration and activity coefficient: 
ca γ=                                                          (1.10) 
Activity coefficients are extremely concentration dependent.  Over the range of 
physiological hemoglobin concentration, there is a simple and accurate empirical 
expression to calculate its activity coefficient (Ferrone and Rotter 2004): 
2)1/(8)ln( φφγ −=                                                 (1.11) 
where φ  is the volume fraction and can be calculated as:  
Vc=φ                                                          (1.12) 
where V = 0.77 cc/g is the specific volume of hemoglobin molecule.  The activity 
coefficient grows exponentially when concentration increases.  At 40 g/dl, γ is almost 
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200, which means that the solution behaves as if it were 200 times more concentrated. 
On the other hand, the chemical potential of hemoglobin in the polymer is 
comprised of two parts.  They are given by: 
PVPCP μμμ +=                                                   (1.13) 
First, the contact energy μPC involves the hydrophobic interactions that constitute the 
axial and lateral contacts among hemoglobin molecules in the polymer.  Second 
contribution comes from the fact that the loss of entropic freedom of monomer in solution 
is partially compensated by its ability to vibrate around equilibrium position in a polymer 
lattice, i.e. vibrational entropy. 
At thermodynamic equilibrium, the chemical potential of solution phase monomer 
equates that of the polymer phase.   
PVPCsTR cRT μμγμ +=+ ln                                          (1.14) 
Therefore 
RT
c TRPVPCs
μμμγ −+=ln                                            (1.15) 
In this equation, the terms on the right hand side are constant for given hemoglobin 
variant and polymer structure.  The activity coefficient γ, however is a function of 
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volume fraction, hence concentration.  It is important to note that not only sickle 
hemoglobin contributes to activity coefficient, but even molecules that do not polymerize 
increase solution non-ideality as well.  By crowding the solution with non-polymerizing 
species like HbF or liganded Hb, the solubility of sickle hemoglobin will decrease 
because it is the activity or chemical potential, i.e. the product of γ and cs, that must 
remain constant. 
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Chapter II: Premature Termination 
 of Sickle Hemoglobin Polymerization 
 
Introduction 
 
Since sickle hemoglobin polymerization was identified as the underlying cause of 
the sickle cell disease (Pauling, Itano et al. 1949), extensive research efforts have been 
dedicated to study this process.  Amongst many aspects of sickle hemoglobin 
polymerization, the extent to which the polymerization proceeds is of particular interest 
and will be the main topic of this thesis. 
Double nucleation theory has been very successful in that it well characterized the 
kinetic signature of sickle hemoglobin polymerization: the long delay time, the 
exponential growth, etc.  But the model has its limits because the linearized forms of the 
equations are only valid in the initial phase of the polymerization.  It has always been 
assumed that following the delay period and rapid nucleation phase, the sickle 
hemoglobin polymerization will continue until it reaches thermodynamic solubility.  
This assumption was supported by the results of the sedimentation experiments (Williams 
1973) (Briehl and Ewert 1973) (Hofrichter, Ross et al. 1974), in which the supernatant 
concentration reaches a saturating value.  Careful experiments have shown that this 
value was independent of initial concentration of the sample, and above some value, 
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independent of centrifugal force and duration as well.  It was also shown that the same 
final concentration was measured for samples gelled at 30 °C and subsequently cooled to 
20 °C and on samples gelled at 20 °C directly (Hofrichter, Ross et al. 1976).  All these 
facts argued strongly in favor of this final concentration being a thermodynamic 
parameter, i.e. solubility, since it depended only on the conditions of the final state, not 
the path by which the final state was achieved.  It has thus been assumed that in kinetic 
experiments the final concentration of monomers will therefore be the solubility (Ross, 
Hofrichter et al. 1977).  Nevertheless, this assumption remains untested mostly due to 
the lack of non-invasive methods to measure the solution phase concentration, or 
equivalently mass of polymerized monomers. 
Light-scattering and turbidity are good probes to monitor polymerization.  
However, they become nonlinear with mass as the reaction proceeds and even in the 
linear regime the direct correlation between the signal and polymer mass has not been 
established (Cho and Ferrone 1990).  Birefringence and linear dichroism methods have 
good linearity but they reveal only the aligned polymers (Hofrichter and Eaton 1976).  
Calorimetry, although promising in principle, cannot be used for microscopic samples 
such as cells.  Even in solutions, questions remain about the interpretation of the 
calorimetry measurements (Eaton and Hofrichter 1990).  No other spectroscopic “tags” 
have been discovered, such as fluorescent labels, mainly due to the difficulty posed by 
the ability of hemes to quench nearby fluorophores. 
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Reservoir method 
 
An important technique in studying the polymerization properties of HbS is by 
photolyzing the CO liganded hemoglobin, i.e. COHbS.  The COHbS itself will not 
polymerize, because only the deoxygenated sickle hemoglobin is able to form polymers.  
However, COHbS can be easily photolyzed by a strong light or laser, creating deoxyHbS 
which is equivalent to the chemically deoxygenated HbS.  Polymerization can be 
induced by laser photolysis if the initial concentration is higher than the deoxyHbS 
solubility.  Once the photolysis is turned off, CO can rebind with hemoglobin and 
consequently melt the polymer.  Therefore, we can use laser photolysis to control the 
polymerization of HbS.  The virtue of this technique is that this process is totally 
reversible and can be repeated many times. 
Although laser photolysis is often used to initiate polymerization, it is difficult to be 
used to study the equilibrium conditions of the HbS gel.  The space in which polymers 
can grow is determined by the size of the photolysis spot.  However it is often small 
compared to the vast unphotolyzed region in the sample which serves as an almost 
infinite reservoir.  The monomers outside of the photolysis spot can be incorporated into 
the polymers up to its maximum allowed density (Cho and Ferrone 1992).  The terminal 
condition of this process is far from equilibrium.  In an attempt to investigate the extent 
of polymerization reaction, one of my laboratory colleagues Dr. Alexey Aprelev came up 
with the idea of using hemoglobin droplets, which will be referred to as the reservoir 
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method.  Instead of a homogeneous thin slide sample, an emulsion of sickle hemoglobin 
droplets is suspended in oil.  The concentrated HbS droplets are saturated with carbon 
monoxide.  Steady laser photolysis is applied to the droplet.  The trick is to photolyze 
most but not the entire droplet by masking a portion of the region illuminated by the laser 
so that polymers can grow inside the droplet except for the region where it is being 
masked.  This is illustrated in figure 2-1.  
 
Figure 2-1  Partial photolyzation of droplets in Reservoir method. 
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The incorporation of monomers into the polymers causes the monomer 
concentration to drop in the photolyzed area, creating a concentration gradient between 
the photolyzed region and the masked region.  In order to fill in this gradient, 
hemoglobins have to diffuse from the masked area to replenish the exhaustion of 
monomers in the polymerized part.  In bulk solutions, the reservoir of monomer is 
infinite.  The monomers could diffuse into the polymers until the polymer reaches a 
prescribed maximum density, around 50 g/dl (Cho and Ferrone 1992). 
The fundamental driving force of the reaction is the chemical potential or the 
activity of hemoglobin.  Since we describe the transition between isolated molecules 
and polymer phase as a crystallization process (Ross, Hofrichter et al. 1977), the 
chemical potential of polymer phase can be regarded as constant for significantly long 
polymers.  For monomers, their activity is simply a function of the concentration, 
corrected by the activity coefficient which accounts for non-ideality.  In this sense, the 
diffusion of monomers from the masked area into the photolysis region is the response to 
balance the solution chemical potential.  In the reservoir method, the sickle hemoglobin 
droplet is a confined volume.  The masked area is only a small fraction of the total 
droplet or the polymerized region.  Therefore, the monomer reservoir under our 
conditions is finite.  Thermodynamically, the reaction is expected to proceed until the 
chemical potential of the solution monomers, including the masked area and the 
photolyzed region, equals that of the polymer phase.  This is shown in equation 2.1. 
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)ln( mmTRp cRT γμμ +=                                              (2.1) 
The subscript m refers to the monomer phase.  The thermodynamic equilibrium 
established by equation 2-1, by definition implies that the concentration of monomers 
should be the solubility. 
In order to study the chemical potential equilibrium described in equation 2.1, we 
have to determine the monomer concentration in the solution phase.  The best way of 
measuring hemoglobin concentration is through its absorption spectrum.  The heme 
group of the hemoglobin molecule is a good planar absorber.  Its absorption depends on 
the orientation of its absorption ellipsoid with respect to the polarization of light.  In 
solution, the orientation of hemoglobin molecules is random.  Hence, the standard 
extinction coefficient corresponds to the isotropic value (Hofrichter and Eaton 1976). 
)2(3/1 //εεε += ⊥                                                              (2.2) 
When sickle hemoglobin molecules polymerize, they spontaneously align 
themselves into ordered arrays (Eaton and Hofrichter 1981).  The absorption of the 
polymer could be highly anisotropic, because it is dependent on the orientation of its long 
axis with respect of light polarization.  The massive polymer, unlike monomer, cannot 
change its orientation easily, and its direction is unknown.  Therefore, the analysis of 
absorption spectrum inside the gel is complicated by the presence of polymers.  In 
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masked area, this is not an issue, since there is no polymer.  Experimentally, the solution 
concentration can be determined by fitting the absorption spectrum inside the masked 
area to the standard extinction coefficients. 
 
 
Premature Termination of Polymerization 
 
Sedimentation experiments have established that sickle hemoglobin solutions have 
well defined solubility, where the polymers in the pellet and monomers in the supernatant 
reach thermodynamic equilibrium.  Ever since, it has always been assumed that the 
cessation of polymerization occurs only when the monomer concentration reaches 
solubility. 
In the reservoir method, the gel and the “supernatant”, i.e. the pure solution in the 
finite reservoir, are separated by the laser photolysis instead of the centrifugal force in 
sedimentation.  It is natural to expect that things should behave analogously in such a 
confined system, that is, the final concentration of solution at the end of polymerization 
should be the solubility.  However, our extensive experiments using the reservoir 
method have turned out otherwise. 
The apparatus of the reservoir method is a microscope system of our own design 
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(Aprelev, Weng et al. 2007).  This system employs a CCD camera to gather the images 
of the droplet and uses software to integrate the intensities for spectral analysis.  A pair 
of Leitz 32X long working distance objectives is used to create image of the physical 
mask on the sample and project the image of droplet onto the camera.  The photolysis is 
provided by the Argon ion laser (Spectral Physics Model 2020).  The Xenon arc lamp 
(OSRAM XBO 150 W) is used as the probe source and absorption spectrum is taken by 
scanning the monochromator (Acton SpectraPro 2150) and recording the intensities on 
CCD. 
In the reservoir method, the absorbance measurement in the masked area is a direct 
probe of the polymerization process in the photolyzed region.  When the polymerization 
slows down and comes to a cessation, the absorbance curve also reaches its asymptote.   
The spectral determination showed that the final concentration was always higher than 20 
g/dl at 25°C at asymptote, which is well above the solubility (cs = 17.6 g/dl), or in other 
words, the polymerization terminates prematurely. 
This result came out striking yet surprising.  In order to verify its authenticity we 
first hypothesized the possibility that oil-hemoglobin interaction could inactivate some 
molecules, which became unable to polymerize but its absorptivity was not affected.  
Considering the extreme sensitivity of nucleation rates to the concentration of HbS, we 
performed kinetic experiments on paired samples with and without oil.  The 
concentrations translated from the measured rates based on the stochastic nucleation 
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method (Cao and Ferrone 1997) differed by less than 3%, far less than the observed 
difference in the final concentration (Aprelev, Weng et al. 2007).  Therefore, the 
observed results could not have been caused by the existence of some inactive sickle 
hemoglobin. 
Secondly, in the reservoir method the monomers may have to wind its way through 
a dense array of fibers in order to be added to the polymers.  If diffusion of monomers is 
impeded by the polymer, then it will certainly prevent the system from reaching 
equilibrium.  In order to test the polymer barrier hypothesis, a double-mask experiment 
(Aprelev, Weng et al. 2007) was performed, in which polymers occupied in the middle of 
a droplet between two masks set simultaneously on the left and right side.  When final 
concentration was achieved, the size of one of the masks was abruptly increased.  The 
concentration in that masked area immediately rose as the depolymerized hemoglobin 
was released into that region, followed by a long decay to a final value that was higher 
than that when the two masks were originally set.  Meanwhile, the monomers could leak 
through the central polymerized region to the mask on the opposite side, as its 
concentration slowly crept up, ultimately reaching the same value with the one whose 
mask had been moved.  The result of double-mask experiment (unpublished data) is 
kindly provided by Dr. Aprelev and is shown in Figure 2-2.  It demonstrates that the free 
diffusion of monomers in the gel and therefore the polymer barrier hypothesis can be 
excluded. 
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Figure 2-2  Double-mask experiment. 
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The early termination of polymerization implies a metastable state for the HbS 
solution.  It becomes interesting to study its dependence on initial conditions of 
polymerization, such as concentration and temperature.  More importantly, it will be 
interesting to investigate whether the metastability is uniquely associated with the droplet 
or it is indeed universal.  If so, then the universal metastability could have significant 
implications towards our understandings of sickle hemoglobin polymerization and sickle 
cell disease. 
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Chapter III: Early Termination of 
Polymerization in Confined Volumes 
 
A parallel system is constructed to further investigate the premature termination of 
sickle hemoglobin polymerization found in sickle hemoglobin droplets.  The application 
of reservoir method is elaborated. 
 
Materials 
 
Hemoglobin Purification 
 
The sickle blood was kindly provided by the Children’s Hospital of Philadelphia and 
Albert Einstein College of Medicine.  They were obtained from blood exchange 
transfusions of patients with sickle cell disease.  The hemoglobin was purified using 
chromatography method adopted and modified from Huisman (1965) and Williams 
(1973).  The detailed procedures of purification became standard in this lab (Ferrone, 
Hofrichter et al. 1985) and can be found in Dan Liao’s thesis (1997). 
After purification, the hemoglobin solution was exchanged into phosphate buffer 
(0.15 M at pH 7.35) by passing through a column (Amersham PD-10, 9 ml column of 
Sephadex G-25m) eluted with the buffer needed.  The pH of all buffers was measured 
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by pH meter (Denver Instrument Basic model).  The meter was first calibrated with two 
standard solutions of known pH values.  Once hemoglobin was exchanged into 
phosphate buffer, it was then concentrated with Centricon (Millipore YM-30) to a 
concentration of 35 – 40 g/dl for storage.  Because the nucleation rates of 
polymerization are very sensitive to the concentration of HbS, a stochastic kinetic 
experiment was performed to verify the integrity of sickle hemoglobin.  After 
authentication, the concentrated hemoglobin solution was stored frozen in a liquid 
nitrogen tank until use. 
 
 
Sample Preparation 
 
For the reservoir method, the sample was prepared in a glove box.  The box needed 
to be flushed with humidified carbon monoxide prior to sample preparation for more than 
one hour to get rid of the oxygen.  The phosphate buffer (0.15 M pH 7.35) and castor oil 
(Sigma C-7277) were bubbled with CO for the same reason.   
The concentrated sickle hemoglobin solution was retrieved from the liquid nitrogen 
tank and thawed at room temperature.  It was taken in a small vial and transported into 
the glove box.  Because the affinity of hemoglobin for CO is much stronger than oxygen, 
we kept the vial in the box for more than half hour so as to allow the liganded oxygen to 
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be exchanged into CO.  Any remaining oxygen and methemoglobin could be removed 
with the addition of sodium dithionite.  Sodium dithionite (Na2S2O4) is known to be a 
strong reducing agent.  It could also reduce the hemoglobin from the ferric state 
(methemoglobin) into the ferrous state which was capable of binding with ligands.  The 
amount of dithionite needed was measured using the balance (Delval Balance Mettler 
H30).  It was dissolved in the same phosphate buffer that was previously flushed with 
CO gas to get rid of the oxygen.  The dithionite solution was then mixed with the 
hemoglobin.  The mixing ratio was carefully calculated so as to keep the final HbS 
concentration higher than solubility and meanwhile make the final dithionite 
concentration 50 to 55 mM. 
In order to make droplets, a few microliters of hemoglobin solution (final solution 
after addition of dithionite) were mixed with about the same amount of castor oil and 
gently stirred with a syringe.  Then, 1-2 μl of this emulsion was place onto a 24 x 40 
mm coverslip (Fisher Brand Microscope cover glass 12-543B No.2), stirred with 
micropipette and quickly covered by a second coverslip 18 x 18 mm (Fisher Brand 
12-540 A).  Sickle hemoglobin droplets surrounded by oil would naturally form when 
we gently spread this emulsion across the coverslips.  The sample was sealed with Kerr 
sticky wax in the box. 
The concentration of hemoglobin in the droplet was determined by a spectroscopic 
method following dilution.  A 2-3 μl of HbS from the same final solution was diluted by 
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several milliliters of buffer.  This diluted solution was transferred into a quartz cuvette 
(Fisherbrand Quartz Standard Cells 10 mm lightpath) and then loaded into a 
spectrophotometer (Hewlett Packard Model 8452A) for absorption measurement.  A 
Soret band (400nm – 450 nm) absorption spectrum was fit with standard extinction 
coefficients that correspond to deoxyhemoglobin, oxyhemoglobin, carbon monoxide 
hemoglobin and methemoglobin.  According to the Beer Lambert law, concentration of 
the solution can be determined through the fitting:   
l
Ac
)(
)(
λε
λ=                                                           (3.1) 
A simple Matlab program was used to compute the concentration by solving systems 
of linear equations.  An example of spectrum fitting is shown in Figure 3-1. 
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Figure 3-1   Curve fitting to absorption spectrum.  Measured by the spectrophotometer, 
standard extinction coefficients of deoxyHb, COHb, oxyHb, metHb of Soret band were 
used in calculating the concentration of the sample.  The cross symbol was the spectral 
data.  Dot symbol were fitting components and baseline offset which accounted for 
some stray light. (Only oxyHb, COHb and metHbwere used in this particular fit.)  
Dashed line was the fit to the data. 
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Apparatus 
 
Experimental setup was constructed according to Figure 3-2.  
 
 
 
 
Figure 3-2   Apparatus arrangement in Reservoir method. 
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The apparatus was assembled on an air-elevated optical table sitting on four 
pneumatic legs to minimize possible vibration.  The major experimental setup was a 
microscope system of our own design.  The light source was provided by a Xenon arc 
lamp (OSRAM XBO 150 W).  It was split into two light paths.  One path went through 
a 1200 g/mm grating monochromator (Jarrell-Ash Monospec 18) and was mainly used 
for observational convenience.  When adjusted to 432 nm, the contrast in absorbance 
between deoxyHb and COHb was maximized which facilitated the observation of the 
photolysis region on the sample. 
The other path passed through a blue filter so as to block the unwanted part of the 
visible band, since we used only the Soret band of the spectrum (400nm – 450nm).  
There was a rectangular diaphragm inserted in the probe path restricting the area of 
interest where the absorption spectrum would be measured. 
The photolysis beam was provided by a diode pumped green laser 532nm (Lambda 
Pro UGA-300).  It was combined with the probe beam with the help of a dichroic mirror.  
A tiny black dot was pasted onto a cover glass and placed at the conjugate image plane.  
It was served as the mask which blocked a small fraction of the photolysis beam.  The 
central part of this microscope system was a set of objectives.  The front objective 
(Leica 20X) projected the images of the diaphragm and the mask onto the sample stage.  
The size of the diaphragm was adjusted in the way so that it is completely enclosed by 
the mask.  This arrangement ensured that the spectral measurement was limited in the 
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masked area and unaffected by the polymerization in the photolysis region. 
The second objective of this setup was a reflective one (Ealing Reflecting objective 
X15).  It collected the transmitted light from the sample and projected its image on the 
second diaphragm which was also at the conjugate image plane.  It was adjusted to 
match the image of the first diaphragm.  This configuration helped reducing the stray 
light and improved the accuracy of spectral measurement.  Finally, the light was focused 
into a fiber that was mounted on a fiber adapter and directed into a spectrophotometer 
(Ocean Optics USB 2000). 
The sample was embedded in a spring loaded holder of our own design which 
mounted itself on a 2-D translational stage for freedom of sample movement.  The 
sample was placed vertically on a Cambion thermoelectric stage by clamping it with a 
springy sample holder.  The temperature of the stage was regulated by a controller.  
Temperature calibration had to be performed before any experiment.  A thermocouple 
tip (Omega type J) was placed near the point of spectral measurement to calibrate the 
stage temperature. 
A hemoglobin droplet of the size 150-300 um was photolyzed by intense laser light 
except for a masked area.  This experiment demands that there is a finite reservoir that 
can replenish the depletion of monomers in the polymerized region.  In order for the 
masked area just to be a probe, its size had to be a very small fraction of the total size of 
the droplet.  Figure 3-3 shows a droplet with a central mask. 
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Figure 3-3.  Comparison of droplets before and after partial photolysis in Reservoir 
method.  A sickle hemoglobin droplet was suspended in castor oil before and after 
photolysis.  These images were taken at 432 nm, where deoxyHb absorbs much more 
than COHb, as manifested by the contrast in color when laser was turned on.  The 
darker color inside the photolyzed area on the second image indicated the presence of 
polymers. 
              Laser Off                           Laser On 
 
 
55 
 
  
Conventionally, when people speak of solubility of sickle hemoglobin, they refer to 
cs of deoxyHb.  But the solubility of HbS also depends on the degree of its saturation, 
i.e. the fraction of oxygen or CO liganded hemoglobin.  It is important for us in this 
experiment to maintain full photolysis so as to establish equilibrium between polymers 
and deoxyHb monomers.  In the photolyzed area, full photolysis was confirmed by 
measuring the change in absorption spectrum.  It should look like a good deoxyHb 
spectrum, peaking at 430nm, with no observable remnant of COHb showing on the 
shoulder of the spectrum (419nm). 
After passing through the sample, the majority of the direct laser light was blocked 
by the back of the reflecting objective.  Once the polymers formed, they created a lot 
of scattering laser light which was virtually eliminated by inserting a blue filter between 
the reflecting objective and the diaphragm. 
 
 
Experimental Procedure 
 
First of all, a reference sample made of pure buffer was measured as the baseline of 
absorption spectrum.  Light intensities at different wavelengths were recorded as 
reference, i.e. I0(λ).  Then a droplet sample was placed on stage for spectral 
measurement.  It was measured within the masked area.  A dark background spectrum 
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had to be subtracted from both the reference and the sample spectrum for this to be 
accurate.  The Soret band of the absorption spectrum was saved to be fit using standard 
hemoglobin extinction coefficients.  At this point, the photolysis beam was blocked, 
therefore sickle hemoglobin was liganded with CO.  A good spectrum should exhibit 
only COHb, with no metHb and oxyHb and little deoxyHb as components, as far as 
fitting precision could reveal.  The presence of OxyHb and metHb were signs of a poor 
sample, because they are immune to photolysis and they are unable to polymerize. 
Fitting procedures were the same as described before.  At this stage, the droplet 
was uniformly liquid.  Since we knew the initial concentration of the droplet c0, which 
was determined via dilution and spectral measurement, we can now rearrange equation 
3.1 to solve for pathlength, i.e. thickness, of the droplet. 
0)(
)(
c
Al λε
λ=                                                        (3.2) 
After the first absorption spectrum was taken, the shutter was switched open and the 
droplet was photolyzed except for the masked region.  At first, the sample would 
experience a delay period, depending on the supersaturation S.  
)(
00
Tc
cS
ssγ
γ=                                                         (3.3) 
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The supersaturation S is defined as the ratio of initial sample activity to the activity 
of HbS at solubility, which is a function of temperature.  The delay time is extremely 
sensitive to the supersaturation of the sample, about 40th order dependence on initial 
concentration (Eaton and Hofrichter 1990).  In our experiment, the delay time was kept 
short, normally less than 1000 seconds by controlling the sample concentration and 
temperature. 
Following the delay period, the polymers started to form inside the photolyzed 
portion of the droplet, which would initiate the consumption of monomers.  The 
depletion of monomers immediately created a concentration gradient between the masked 
area and the polymerized region which triggered the monomers to diffuse.  The optical 
density inside the mask was constantly being monitored by setting the spectrophotometer 
near 425nm and averaging the absorbance.  At this wavelength, the COHb and deoxyHb 
has the same absorptivity, i.e. isosbestic point.  Therefore, any decrease in terms of 
absorbance at this wavelength would correspond directly to the decrease in monomer 
concentration according to equation 3.1.  Because the volume of the masked segment 
was finite and constituted only a small fraction of the polymerized portion, the system 
eventually reached a steady state.  This was translated into the absorbance signal inside 
the mask reaching an asymptote. 
At that time, we took an absorption spectrum which still consisted mostly COHb 
with little deoxyHb.  The presence of little deoxyHb was not a problem, as long as the 
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fraction of it not significant.  It could be caused by some of the hemoglobin in the 
masked area being photolyzed by the scattered laser light from the polymers.  It could 
also be due to the slow diffusion of CO out of the masked area.  Finally, we took a last 
spectrum after removing the mask.  Figure 3-4 shows the control of the experiment 
using SpectraSuite software (Ocean Optics Co.). 
 
 
Calculation of Terminal Concentration 
 
The spectrophotometer was controlled with SpectraSuite software.  The terminal 
concentration in the masked area was calculated in the following way: 
 
(1) We fit the first spectrum with laser shutter off and used equation 2-4 to compute the 
pathlength: l. 
(2) When the absorbance reached its asymptote, we took two spectra with and without 
the mask inserted. 
(3) We then fit the last two spectra and used equation 2-3 to compute the terminal 
concentration by assuming that the pathlength l was the same. 
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Figure 3-4   Typical run of the Reservoir method.  A strip chart display of absorption 
spectrum was collected by Ocean Optics SpectraSuite software, focusing on a narrow 
spectral range around 425.12nm, near isosbestic wavelength of COHb and deoxyHb.  
Continuous line depicted the absorbance change vs. time.  When optical density 
approached an asymptote, two spectra were taken with and without the mask.  In the end, 
laser was blocked, allowing polymers to melt. 
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There are two points worth mentioning in the above calculation.  Firstly, our 
sample slide consisted of coverslips sealed by wax.  The sticky wax, although fairly 
good in insulating air, it is subjected to thermal expansion.  Therefore, the sample would 
actually expand or shrink in response to the change in stage temperature.  As a result, 
the thickness or pathlength of the sample could vary as well.  In our calculation, we had 
supposed the constant pathlength in fitting the spectra.  This was legitimate because we 
had kept the stage temperature invariant throughout the experiment and we had 
confirmed that when stage temperature was unchanged, the sample absorbance or 
thickness was stable.  This assumption however would not be true if we had changed the 
temperature, as will be discussed in the temperature shift experiment. 
Secondly, although the last two spectra were very different, one mostly COHb (with 
the mask) and the other mostly deoxyHb (without the mask), the calculated 
concentrations by fitting to those two spectra at asymptote should be very close.  
Removing the mask was just a way of verifying that the system had indeed reached a 
steady or metastable state.  However, there were small and slow increases in absorbance 
after we removed the mask for some time.  We attributed this effect to the diffusive 
growth of polymers.  At the end the experiment, the laser was blocked again to allow 
polymers to melt.  As can be seen from Figure 3-4, the optical density almost recovered 
to its original value.  Small differences might be due to the long term light source 
variation or sample thickness drift.  The problem of lamp intensity variation can be 
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solved by including a baseline offset in fitting the absorption spectrum.  The sample 
thickness change was treated by including an error bar in the data.  The comparison of 
the calculated sample thickness at the beginning and end of the experiment is listed in 
Table 3.1. 
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Table 3.1 Comparison of sample thickness at the beginning and end of the experiment. 
Experiment 
series 
Temperature 
(°C) 
Initial 
Thickness 
(μm) 
Final 
Thickness 
(μm) 
Difference 
(%) 
Duration of 
Experiment 
(minutes) 
Apr21 25.5 5.5  5.6  1.8% 75 
Apr21 14.5 3.1  3.1  0.0% 76 
Apr21 31.5 6.1  6.2  1.6% 44 
Apr21 36.5 6.2  6.2  0.0% 39 
Apr21 30.5 4.9  5.1  4.1% 71 
Dec1 1mM 30 18.1  18.1  0.0% 23 
Dec1 1mM 30 21.8  22.1  1.4% 27 
Nov2 25.2 8.9  9.3  4.5% 55 
Oct25 25 6.1  6.0  -1.6% 49 
Oct30 14.2 4.2  4.2  0.0% 93 
Oct17 24.9 4.3  4.3  0.0% 36 
Oct17 19.5 3.8  3.9  2.6% 41 
Oct17 14 4.5  4.6  2.2% 58 
Oct18 24.9 6.9  7.1  2.9% 35 
Oct18 24.9 4.8  4.8  0.0% 87 
Oct12 35.8 4.5  4.6  2.2% 30 
Oct12 36 4.7  4.8  2.1% 27 
Oct6 24.7 5.7  5.9  3.5% 63 
Apr20 25.5 6.4  6.4  0.0% 101 
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Temperature Shift Experiment 
 
In order to study the effects of gelling conditions to the results of terminal 
concentration, we conducted a temperature shift experiment. 
The procedures of a temperature shift experiment were very similar to the normal 
reservoir experiment we described before.  We started out at a higher temperature, about 
35°C, to initialize polymerization.  When the absorbance of the sample approached its 
asymptote, we took a spectrum with the mask.  We used this spectrum to calculate the 
terminal concentration at that temperature.  Then instead of blocking the laser and 
letting polymers melt, we changed the stage temperature to a lower value with the laser 
on and mask intact.  Because of the thermal response of the wax, the sample slide would 
react to this temperature shift and cause the thickness to change.  In addition, the gel 
system had to respond to the new thermodynamic parameter, namely, solubility cs at that 
temperature.  As a result, the optical density of the sample would slowly change to a 
new equilibrium level, where we would take two spectra with and without the mask.  
However, in order to compute the final concentration, we had to know its thickness, 
which was unknown after we had changed the temperature.  This difficulty was 
circumvented by melting the polymer and measuring its spectrum of pure solution phase.  
Given the reversibility of the process, we assumed that the droplet would return to its 
initial monomer concentration at complete depolymerization.  With the temperature 
unchanged, we could use the recalibrated thickness to compute the terminal concentration 
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before depolymerization.  Figure 3-5 shows a typical run of temperature shift 
experiment.  The change of sample thickness in temperature shift experiment is given in 
Table 3.2 
 
 
 
Figure 3-5   Temperature shift experiment using reservoir method. 
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Table 3.2  Sample thickness change during temperature shift experiment. 
Experiment 
Series 
Initial T 
(°C) 
Initial 
Thickness 
(μm) 
Final T 
(°C) 
Final 
Thickness 
(μm) 
Difference 
(%) 
Duration 
(minute) 
Oct17_35_25 35.1 6.0  24.9 6.1  1.7% 59 
Oct17_35_20 35.2 5.4  19.6 4.5  -16.7% 48 
Oct17_35_14 35.2 5.3  14.2 3.2  -39.6% 81 
Oct17_35_14 35.2 6.0  14 5.2  -13.3% 69 
Oct18_35_25 35.2 6.9  24.9 7.7  11.6% 48 
Nov9_35_25 35.6 6.4  25.1 6.2  -3.1% 48 
Nov9_35_20 35.6 4.9  19.6 4.1  -16.3% 57 
Nov9_35_14 35.6 6.2  14 5.1  -17.7% 61 
Nov9_35_13 35.6 5.0  13.9 3.9  -22.0% 58 
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Chapter IV: Universal Metastability in 
Solution — Modulated Excitation Method 
 
Theory 
 
The application of the reservoir method is restricted to hemoglobin droplets because 
the reservoir from which monomers were replenished has to be finite.  Although the 
droplets used in our experiments were at least an order of magnitude larger than the size 
of the red blood cell, this geometry is still in contrast to the bulk solution where the 
reservoir can be considered infinite.  It will be interesting to see whether our results 
obtained by reservoir method are universal or the droplet boundary does have some 
effects. 
In order to investigate the monomer concentration in uniform solutions, an 
independent kinetic method was adopted: modulated excitation.  The detailed theory of 
modulated excitation has been described previously (Ferrone 1991; Ferrone 1994), where 
it was used to study the conformational change in hemoglobin.  In our case, it is used to 
study the first ligation step. 
Consider an almost completely deoxygenated sample, where only trace amount of 
CO is introduced so that approximately 1% of the sample is liganded.  The cooperativity 
of hemoglobin dictates that the binding of the first couple of ligands is very difficult.  It 
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is unlikely to find tetramers bound with two or more CO ligands.  Therefore, only two 
species exist in solution: zero-liganded T0 and singly-liganded T1.  A simplified two 
state model can replace the MWC model to describe this kinetic process, because R 
quaternary structure can be excluded, considering the low saturation of our sample.  The 
two-state model is depicted in Figure 4-1.  
 
Figure 4-1   Two-state model in the modulated excitation method 
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In the two-state system, T1 is the ground state, because it is energetically more stable 
than the excited state T0.  When an oscillating laser beam is applied to the two-state 
system, the population of the excited state T0 is controlled by two processes: 
a) The disappearance of unliganded-hemes is controlled by ligand recombination.  It is 
proportional to the T state binding rate constant kT, the concentration of free ligand 
[CO] and population of T0. 
b) The rate of generating T0 is dominated by laser photolysis and proportional to the 
laser intensity I and the population of T1. 
Let koff be the rate of removing a ligand from T1 molecule.  koff is proportional to the 
intensity of laser I per unit area, apparent photochemical quantum efficiency q, extinction 
coefficient ε of COHb at the wavelength of laser (532 nm), and is given by:  
aINEqIkoff == 532532 /3.2 ε                                           (4.1) 
where 2.3 is from a ln(10) term; N is Avogadro’s number and E532 is the energy per 
photon at 532nm. 
The intensity of laser beam I is modulated in a sinusoidal way with a frequency f Hz 
or an equivalent angular frequency fπω 2= .  The mathematics can be simplified if we 
express the oscillatory signal as a complex number.  Then the laser intensity becomes 
)1()( += tieItI ω , where the 1 is required to keep the intensity ≥ 0.  If the DC intensity is 
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much higher compared with the AC amplitude, then we can write )()( beItI ti += ω , 
where b>1.  We have conducted modulated excitation experiment on top of full 
photolysis, and the results will be discussed in appendix II.  
If we denote the population of these two states by T0 and T1, then the equation 
describing the rate of dissociation of unliganded hemoglobin hemes is given by: 
[ ] 100 )1( TeaITCOkdt
dT ti
T ++−= ω                                      (4.2) 
The solution to equation 4.2 is a harmonic series, that is, 
∑
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The concentration of free ligand [CO] is also oscillating when it is driven on and off 
the hemoglobin by the modulated laser.  Therefore we can write it in terms of a 
harmonic series as well: 
[ ] ∑
=
=
0n
tin
neXCO
ω                                                   (4.5) 
Substituting these harmonic series into equation 4.2, we can solve for T0.  The n=0 
term represents when no photolysis is present: 
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0,10,00 aITTXkT =                                                   (4.6) 
and is not particularly interesting. 
For the first harmonic part, we observe that, c0, the total concentration of 
hemoglobin is conserved so that 
010 )()( ctTtT =+                                                   (4.7) 
Therefore, the first harmonic terms of T0 and T1 should be directly linked and negative to 
each other, that is, 
1,11,0 TT −=                                                        (4.8) 
Also, for n=1 we have 
1,11,01 TTX −==                                                    (4.9) 
That is because the free ligand concentration increases whenever a hemoglobin loses a 
CO from T1 and becomes T0, or vice versa.  Note that we do not consider non-ideality 
here, in which the volume inaccessible to the hemoglobin molecule is different from that 
of a CO.  In very crowded solutions, hemoglobin occupies a significant fraction of the 
total volume.  In that situation, there are spaces like crevices inside the polymer that are 
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excluded to the hemoglobin monomer, which makes its effective concentration higher.  
On the other hand, given the small size of the CO molecule, it can explore almost any 
free space in the solution and therefore requires minimal concentration correction.  
Under such circumstances, the relationship between X1 and T0,1 will no longer be linear. 
With these substitutions, the first harmonic part of equation 4.2 becomes 
)()( 1,10,10,011,001,0 TTaITXTXkTi T +++−=ω  
     )()]([ 1,00,001,00,00 TTcaITTXkT −−++−=  
)(])([ 0,001,00,00 TcaITaITXkT −+−+−=                          (4.10) 
In equation 4.10, we keep the similar harmonic terms of n=1 and omit all the lower and 
higher orders.  The common term eiωt has been cancelled. 
Solving for T0,1 from equation 4.10, we get 
ωiaIXTk
TcaI
T
T +++
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00,0
0,00
1,0                                        (4.11) 
There are a few approximations we can make from equation 4.11:   
a) Given that 1,11,00,10,00 TTTTc +++=  and 1,11,0 TT −= , we arrive at 0,10,00 TTc =− . 
b) Considering the high affinity of CO and the trace amount that we added in the sample, 
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the total concentration of free ligand CO in the absence of laser, X0, is very small 
compared with T0,0 and can be neglected, that is X0<<T0,0.   
c) Because the singly liganded population T1,0 is typically less than 2% of the total 
population, that makes 00,0 cT ≈ . 
Taking these approximations into consideration, equation 4.11 can be written as 
ωiaIck
aIT
T
T ++
=
0
0,1
1,0                                               (4.12) 
In the limit where kTc0>>aI, equation 4.12 can be further simplified: 
ωick
aIT
T
T +
=
0
0,1
1,0                                                   (4.13) 
Although, the photolysis laser intensity is typically weak in this experiment, this last 
approximation may not be necessarily true, considering the temperature dependence of kT 
and low sample concentration c0 sometimes used. 
We define the cotangent of absolute phase as the ratio of the real to the imaginary 
parts of T0,1, then 
ωφ
aIckT +−= 0cot                                                (4.14) 
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or 
ωφ
aIkobs +−=cot                                                 (4.15) 
where kobs is the observed CO binding rate, which equals to the product of T state rate 
constant and hemoglobin concentration. 
Equation 4.14 can also be written as 
ITacTkT )()(cot 0 +=− φω                                           (4.16) 
Equation 4.16 is the most important equation in our work to calculate the terminal 
concentration.  In this equation, 
a) ω depends on the modulation frequency, fπω 2= .  It is chosen in the experiment 
by the function generator. 
b) φcot  is a measurable quantity, which equals to the ratio of in phase signal divided 
by the out of phase signal. 
c) kT(T) is the T state binding rate constant per hemoglobin heme and is a function of 
temperature. 
d) c0 is the heme concentration of the sample.  It is known from separate absorption 
measurement of diluted sample with a spectrometer. 
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e) a(T)I is the DC contribution of the laser excitation to the equation.  The laser power 
density I depends on the output intensity and the alignment of the optics.  It should 
be constant once the optical system is fixed.  The prefactor a(T) involves quantum 
efficiency q, which changes with temperature. 
The procedures of modulated excitation experiments involve two steps.  The goal 
of the first step is to determine the binding rate constant kT.  In order to calibrate the DC 
contribution aI, we make a series of samples with different known initial concentrations 
c0.  Then we plot the measured quantities φω cot  as a function of c0.  It is clear from 
equation 4.16 that the binding rate constant kT will be the slope of the linear regression, 
whereas aI will be the intercept.  In this step, all the samples are measured at the same 
temperature so that the dependence of a(T)I or kT on temperature will not affect our 
results. 
Once the rate constant kT for binding CO to an unliganded heme is determined, we 
could in turn use it to measure the monomer concentration in gel.  The premise is that 
binding of CO to polymerized hemoglobin is much slower than that of solution 
monomers.  This assumption was supported by the observation that fibers shrank instead 
of disintegrated after photolysis had been extinguished (Briehl 1995), and the reduction 
of the polymers happened at a much slower rate than the CO diffusion rate.  In addition, 
the rate of polymer recombination with CO was directly measured in kinetic linear 
dichroism experiment, and the results confirmed that it was at least 1000 times slower 
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than solution binding rate (Shapiro, Esquerra et al. 1995).  Therefore, the observed 
binding rate should only be proportional to the concentration of monomers in the 
solution. 
The absolute phase φ  is indeed measuring the phase shift between the modulated 
laser photolysis and the oscillatory signal in transmitted light, which corresponds to the 
oscillation in species T0,1.  In order to measure this phase angle, we first adjust the 
lock-in amplifier to be in tune with the phase of the driving laser.  This is accomplished 
by moving the monochromator to the laser wavelength (532nm) and making the 
out-of-phase signal zero.  After tuning, we move the monochromator back to the 
measurement wavelength (436.5nm).  Then the in-phase signal should correspond to the 
real part of T0,1, whereas the out-of-phase signal corresponds to the imaginary part of T0,1, 
which is 90 degrees with respect to the in phase.  Cotangent of the phase shift is simply 
the in phase signal divided by the out of phase signal. 
The amplitude of signal T0,1 from equation 4.12 is 
( ) 220
0,1
1,0 ω++= aIck
aIT
T
T
                                            (4.17) 
The amplitude depends on aI and T1,0.  We attempt to keep the DC contribution of the 
laser small compared with kTc0.  The concentration of singly liganded hemoglobin T1,0 
on the other hand is constrained to be only about 1% of sample concentration c0,  so that 
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there are insignificant doubly liganded species.  Otherwise the two-state model in Figure 
4-1 will not suffice.  Both of these constraints impose that the amplitude of the 
oscillating signal is very small that requires extensive averaging of the data. 
 
 
Materials 
 
Sample preparation 
 
The purification procedures of HbS were the same as described in the previous 
chapter.  The sample required by modulated excitation experiment was mostly a 
deoxyHb sample with only about 1% carbon monoxide bound.  It was prepared in a cold 
box (<10 oC) for the stability of deoxyHb.  The box was flushed with humidified 
nitrogen gas at 1000 ml/minute for at least 2 hours prior to sample preparation. 
Concentrated sickle hemoglobin solution was exchanged in phosphate buffer (0.15M, 
pH 7.35) and stored frozen in forms of small vials in liquid nitrogen.  It was retrieved 
from the tank and thawed at room temperature.  The stock hemoglobin solution was 
mostly liganded in oxygen with a little bit of methemoglobin.  Therefore, the first step 
was to convert the hemoglobin solution into the deoxyHb form.  Concentrated sodium 
dithionite was mixed with hemoglobin solution to convert it into deoxyHb.  The mixing 
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ratio was carefully adjusted so that the final concentration of dithionite was about 50 
mM. 
After the dithionite treatment, a trace amount of CO was introduced by blowing a 
certified stream of CO:N2 mixture (1010 ppm, BOC Gases) into the vial which contained 
the deoxygenated hemoglobin for about 3-4 minutes.  The sample was stirred and 
pipetted gently to get good mixing.  At this stage, it was ready to make the hemoglobin 
solution onto sample slides. 
Two types of deoxyHb samples were made in modulated excitation experiment.  A 
series of diluted samples which would not gel were used in calibrating the binding rate 
constant.  A concentrated sample which would gel was made to test the terminal 
concentration in the presence of polymer.  Both types of samples were exposed to a 
trace amount of CO.  Because the solubility of sickle hemoglobin is higher at low 
temperature, it was important to keep the sample vials in ice water both to maintain the 
stability and for the concentrated hemoglobin solution to remain liquid.  Otherwise, the 
solution could gel right away on the slides.  If it had gelled, the pressing force needed to 
spread the gel on the slide could indeed fracture fiber structures and induce consequences 
as would be discussed later. 
A few microliters of sample was taken from the vial and placed onto a 24 x 40 mm 
coverslip, covered by another 18 x 18 mm coverslip and quickly sealed by Kerr sticky 
wax.  The amount of hemoglobin put on the slide was dependent on the sample 
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concentration so as to make the absorbance of the sample close to unity for optimal 
optical considerations. 
The AC signal in modulated excitation experiment comes from the alternation in 
transmitted light, in response to the oscillation in laser photolysis.  Approximately 1% 
of the sample population was constantly being switched between deoxyHb and COHb, 
which contributed to the difference in absorbance and hence transmittance.  According 
to the Beer Lambert law:  
TI
IlcA 010log)( == λε                                              (4.18) 
where A is the absorbance; ε(λ) is the extinction coefficient of the hemoglobin; l is the 
path length; c is the concentration of the sample; I0 is the incoming light intensity and IT 
is the transmitted light intensity.  If the sample’s absorbance was too high, the 
transmitted light would be very weak, so would be the overall AC signal, which scaled 
with the DC intensity.  Although the total signal could be boosted by increasing the 
voltage to the phototube, the gain was offset at the expense of poor signal to noise ratio.  
Because the noise is inversely proportional to the square root of transmitted light intensity, 
TI
Noise 1∝ , the higher the absorbance, the greater the noise becomes.  On the other 
hand, the oscillating signal which came from the difference in extinction coefficient of 
HbCO (εCO) and deoxyHb (εde) would dwindle if the absorbance was too low.  The 
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signal from the modulated excitation can be written as 
( )
00
)()(
0
1010
I
I
I
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I xxTdeTCOTT deCO
εε −− −=−=Δ  
( ) xT x
I
xI εεε −Δ=Δ≈ 103.23.2
0
                                       (4.19) 
where x=lc.  The signal was optimized near absorbance 0.6, as was shown in Figure 4-2.  
Procedurewise, this could be done by adjusting the sample volume (or equivalently path 
length) in accordance with the sample concentration. 
 
 
 
 
 
 
 
 
 
80 
 
  
 
 
 
Figure 4-2  AC amplitude vs. sample absorbance 
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Apparatus 
 
The optical apparatus used for modulated excitation experiment was modified from 
the one used in reservoir method, with the addition of laser modulator and 
photomultiplier.  The optical arrangement was shown in figure 4-3. 
 
 
 
Figure 4-3 Optical arrangements for modulated excitation experiment. 
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Since the optical arrangements were very similar to those we used in reservoir 
method, only the differences would be described here.  The major addition to the optical 
system was the laser modulator (Cambridge Research Instrumentation Model LS100).  
The modulator was an electro-optic system that was originally designed to stabilize laser 
power.  When provided with oscillatory DC voltage, it could modulate the laser by 
changing the polarization angle of the internal Pockels electro-optic cell.  The cell acted 
as a retardation plate which made an angle with the exit polarizer and effectively 
controlling the exit intensity.  The modulation signal was a sine wave produced by a 
function generator (BK Precision 4003A), which also controlled the AC amplitude and 
the DC offset.  The output intensity from the modulator was monitored by an 
oscilloscope.  The idea was to set an AC amplitude with minimum DC part without 
overloading the modulator.  A significant DC offset would result in a greater than unity 
term in the modulation expression which was not desirable, )()( beItI ti += ω , where b>>1.  
The total output laser power was measured by a power meter (Coherent Model 210) and 
read by a digital multimeter (Keithly 199 System DMM/Scanner).  Typical laser power 
was about 5 mW.  The photolysis spot on the sample was about 0.6 mm in diameter, 
which yielded a power density of 2 W/cm2.  Based on the extensive experiments with 
thin, concentrated samples (Ferrone, Hofrichter et al. 1985), this power density should 
cause insignificant DC heating (<1o C). 
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A microscope system of our own design was composed of two objectives.  The 
front objective (Leica 20X) served as a condenser which brought the probe beam from 
the Xenon arc lamp onto the sample, making a square image of the field diaphragm that 
was inserted in the probe path on the sample stage.  The laser spot size was just enough 
to fill the square.  A reflecting objective (Ealing 15X) collected the light and projected 
the images of the sample at the conjugate plane where a second diaphragm was placed.  
The second diaphragm was adjusted to match the size of the first diaphragm, which helps 
the spectral measurement and rejecting stray laser light.  The optical alignments were 
aided by an eyepiece which observed the photolysis area on the sample and those images 
reflected off a mirror placed after the diaphragm.  The other addition to the optical 
system was the monochromator and the photomultiplier.  The monochromator was 
placed at the end of the probe path to select the wavelength range for observation.  It 
collected the detection signal and output it to the phototube, which then converted the 
photonic signal into electronic signal. 
High voltage to the phototube was provided by a power supply (Kepco, Model APH 
2000M), which was controlled by the computer through a D/A converter (Lab-NB 
National Instruments).  After the phototube, the signal entered the electronic part of the 
apparatus.  The current signal from the phototube was transformed to voltage signal via 
a converter of our own design. 
The unfiltered voltage signal then was processed by a lock-in amplifier (Stanford 
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Research SR530 and SR830 DSP), which was a phase sensitive device that could detect 
the phase shift in oscillating signals.  The working mechanism of both SR530 and 
SR830 are similar, except for that SR530 is an analog device whereas the central piece of 
SR830 are digitized PSD’s (The digital phase sensitive detectors).  In either instrument, 
the PSD’s act as linear multipliers.  They worked by multiplying the reference signal 
from the function generator with the AC detection signal.  On the SR830, the input 
signals are digitized before multiplication through A/D converters inside the PSDs, which 
were extremely linear.  The precise digitization and multiplication of the signals meant 
that only the signal at this single reference frequency would be detected, all the higher 
orders of harmonics were rejected.  The reference input signal would trigger an internal 
oscillator which then phase locked to the reference.  The in phase and out of phase 
amplitude came about by multiplying the two signals directly or after shifting the 
reference one by 900.  The main functions and parameters of the lock in amplifier, 
including time constant, sensitivity, and phase were controlled by the computer through 
IEEE.488 GPIB port.  The amplitudes of the in phase and out of phase of first harmonic 
component of the AC signal were sent to the computer through the same interface. 
The function generator sent out three signals, one to the lock in amplifier as 
reference, one to the oscilloscope as the trigger for monitoring modulation signal, and 
one to the modulator to drive the oscillation.  The frequency, AC amplitude as well as 
DC offset could be adjusted from the function generator directly. 
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Experimental Procedures 
 
Calibrations 
i. Monochromator Calibration 
   There are two monochromators (Jarrell-Ash Monospec 18) in this experiment.  The 
front monochromator was used for observation purposes.  It was adjusted to about 432 
nm for monitoring the photolysis area and polymers on the sample.  The detection 
monochromator selected the right wavelength for modulation experiment.  Both 
monochromators were driven by step motors, whose forward and backward movements 
were controlled by the computer via two TTL lines respectively. 
The calibration of the monochromators should be performed regularly.  The 
wavelength of the monochromator was calibrated with a low pressure mercury lamp 
(Oriel Model 6047).  The mercury lamp was put in front of the entrance slit of the 
monochromator.  Its 435.8 nm line was used in the calibration.  A spectrum was 
scanned around this wavelength at a step of 0.125 nm.  The difference between the peak 
wavelength of the spectrum and the reading of the monochromator was recorded as 
wavelength shift.  This shift would be adopted for all wavelengths of the 
monochromator.  An alternative choice was to use the laser line 532 nm, which could be 
reflected into the monochromator by a mirror. 
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ii. Sample Temperature Calibration 
The sample was placed vertically on a Cambion thermal stage by clamping it with a 
springy sample holder.  The temperature of the stage was regulated by a controller 
through computer.  There was a circular hole about 1 cm in diameter in the middle of the 
stage for the detection beam and laser to go through.  Due to the heat dissipation to the 
air, the true temperature of the sample would be somewhat different from the reading on 
the controller and a calibration was required. 
In calibration, a thermo-couple probe (Omega, type J) was taped to a coverslip slide 
at the position where sample would be measured.  The temperatures of the thermal stage 
and the thermo-couple were recorded after equilibrium was achieved.  The equilibration 
was quick, indicating good thermal conduction between the sample and the stage.  The 
calibration curve is plotted in Figure 4-4.  As one side of the sample was exposed to the 
air, the accurate calibration depends on the ambient temperature.  The temperature 
calibration needs to be performed regularly, or once there is a significant change in the 
room temperature. 
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Figure 4-4 Sample stage temperature calibration 
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Experiments 
 
i. Absorption Measurement 
The first step to check if the sample was good for modulated excitation experiment 
was by measuring its absorption spectrum.  Spectral measurement used to be conducted 
by scanning the two monochromators simultaneously.  This was replaced and facilitated 
by the spectrophotometer (Ocean Optics USB 2000).  The advantage of using a 
spectrometer was its ability to monitor the spectral changes quickly, in contrast to the 
time consuming wavelength scanning of the monochromator. 
The probe beam for spectral measurement came from the broad band of the arc lamp 
after being filtered through a blue filter.  The procedures for measuring and fitting the 
absorption spectrum were similar to those described in the previous chapter.  A good 
sample for this experiment should contain mostly deoxyHb with a trace amount of CO.  
The absorption spectrum should peak at 430 nm, with no obvious COHb remnants 
showing on the shoulder 419 nm.  The spectral measurement was just for verification 
purposes.  The results of the cotφ  experiments did not depend on the thickness of the 
sample from the fitting as opposed to the reservoir method. 
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ii. Modulation Experiment 
    The second step was the modulation experiment.  It was designed to verify that the 
modulation species was indeed that trace COHb. 
Before measuring the modulation spectrum, we moved the detection monochromator 
to 436.5 nm.  This was the wavelength that the deoxy R and T quaternary structure 
assumed the same spectrum.  Then the lock-in amplifier was adjusted so that it was in 
tune with the AC signal, i.e. making the out-of phase signal zero.  This could be 
achieved either by using the auto-tuning function of the lock-in amplifier or by averaging 
the in-phase and out-of-phase channel separately for 5 minutes and calculating the phase 
shift between the AC signal and the reference by φcot =averaged in-phase/averaged 
out-of-phase and then moving the lock-in by that angle.  In practice, the latter method 
was used.  After the tuning process, the in-phase channel was dominated by the 
spectrum of allosteric change between COHb and deoxyHb. 
We began the modulation experiment by moving the monochromator back to 400 
nm.  According to equation 4.19 TT clII εΔ≈Δ 3.2 , the absolute modulation signal ΔIT 
also depended on the DC intensity IT.  In order for the modulation signal to reflect the 
COHb and deoxyHb difference spectrum, i.e. Δε, we must keep the DC value constant.  
At first, the high voltage to the phototube was set at a value to make the DC reading 
proper.  Then the same DC value was kept the same throughout the experiment by 
changing the high voltage to the PMT accordingly at different wavelengths.  The 
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monochromator was scanned from 400 nm to 450 nm.  At each wavelength, AC part of 
the signal was collected and divided by the DC value.  Measurements of in-phase and 
out-of-phase signal were repeated for 20 times.  The data were averaged and saved into 
file for analysis. 
In Figure 4-5, the in-phase (a) and out-of-phase (b) amplitudes are plotted along 
with the fit to the modulation spectrum.  Both fits only included the COHb-deoxyHb 
difference spectrum.  The good fit to the in-phase spectrum (filled symbols) 
demonstrated that the COHb was the only modulated species.  The out-of-phase 
spectrum is plotted as open symbols in (a).  As can be seen, it is insignificant compared 
with the in-phase amplitudes, which excludes the existence of other relaxation process. 
After expansion by 10 times, the out-of-phase amplitude is plotted in inset (b).  Other 
than some small differences due to the noise, it also showed the same type of modulation 
spectrum as the in-phase, which could be caused by imperfect tuning.  If there were 
spectral features other than the CO-deoxyHb spectrum, then it may imply other relaxation 
processes, such as the thermal difference spectrum or R-T difference spectrum. 
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Figure 4-5  In-phase and out-of-phase spectra for modulation experiment. 
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iii. tanφ  Experiment 
From equation 4.16, we can deduce that, 
aIckT +
=
0
tan ωφ                                                 (4.20) 
If there is only one relaxation process, tanφ  should be proportional to the modulation 
frequency ω.  The slope of tanφ  vs. ω curve will decrease when either the sample 
concentration or the laser intensity increases.  This can be seen from figure 4-6. 
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Figure 4-6.  Frequency dependence of φtan .  tan φ  vs. ω for two different heme 
concentrations is plotted with the same laser intensity.  The continuous lines are linear 
fit to the date with the slope of 3100.1 −×  for 6.44 mM and 4100.9 −×  for 8.30 mM. 
 
94 
 
  
 iv. cotφ  Experiment 
cotφ  measurement was the essential part of the modulated excitation experiment.  
The objective was to measure the phase shift angle of the modulated species relative to 
the excitation. 
The monochromator was moved to the laser wavelength, 532 nm, for tuning.  The 
blue filter after the objective was removed to allow some laser scattering on the sample to 
reach the monochromator.  During tuning, the out-of-phase signal was adjusted to zero 
so that the lock-in was in tune with the excitation laser.   
Then the monochromator was moved back to 436.5 nm for cotφ  measurement.  
Both in-phase and out-of-phase signals were collected and averaged separately.  The 
φcot  was calculated by dividing the in-phase signal by the out-of-phase signal.  The 
time constant of the lock-in amplifier was chosen to be 3 seconds and measurements were 
repeated for at least 100 times.  The cumulative average of cotφ  was plotted against 
time on computer screen.  When the average tended to reached a stable straight line, the 
result was considered accurate and convincing.  Otherwise more data had to be taken.  
The whole cotφ measurement was performed three times at each temperature and the 
average of which was recorded as well as the standard deviation and amplitude of signal. 
The AC amplitude in cotφ  was typical very small.  Although the lock-in amplifier 
was excellent in blocking noise of other frequencies, it was vulnerable to the laser 
leakage, which had the same modulation frequency.  In our experiment, laser leakage 
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proved to be minimal due to the insertion of a blue filter, the blockage at the image 
diaphragm and the rejection of monochromator.  Therefore, only the oscillation in 
sample transmittance was responsible for the signal. 
According to equation 4.14 ωφ
aIckT +−= 0cot , the value of φcot  depended on the 
modulation frequency chosen in the experiment.  φcot  could be very big or very small 
if the value of kTc0+aI and ω was skewed to one another.  Noise from the fluctuation in 
the AC signal added to the volatility of φcot .  In order to reduce the error introduced by 
the noise, we chose a right modulation frequency ω, so that the amplitude of the in-phase 
signal was about the same level of out-of-phase and φcot  was around unity. 
Both binding rate kT and solubility of HbS are temperature dependent.  It was 
important to let the sample stay in equilibrium at the temperature for at least 30 minutes.  
This was especially crucial for the gel sample, which had to repolymerize and melt in 
response to the temperature change. 
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Chapter V: Results 
Reservoir Method 
 
The typical size of droplets under study in the apparatus (spectrometer system) 
described before was about 150 -- 250μm.  The final concentrations in the masked area 
were without exception all higher than the solubility cs, which confirmed with the results 
obtained in the CCD camera system.  The exact value depends on the initial 
concentration of the sample as is shown in Figure 5-1. 
 
Figure 5-1  Final Concentration vs. Initial Concentration for Reservoir method at 25 °C.  
The dashed line indicates the solubility. 
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Temperature Shift Experiment 
In temperature shift experiment, samples gelled at a higher temperature and then 
cooled to a lower temperature were compared with samples gelled directly at the lower 
temperature.  In contrast to the sedimentation experiment, where different gelling 
conditions have no effects on the solubility, it turns out the final concentration in 
reservoir method depends on how the sample was gelled and the path it takes to reach the 
final condition.  This result is shown in Figure 5.2. 
From figure 5-2, it is evident that gelling conditions have direct impacts on the final 
concentration of the sample.  The terminal concentration no longer represents a 
thermodynamic quantity as it now depends on the initial conditions and the path it takes.  
Instead, the system is trapped in a metastable state that is higher than the solubility but 
unable to produce more polymers.  Moreover, it is interesting to see that with two 
exceptions, the final concentration is, within error bars, the same as the initial after the 
temperature shift. 
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Figure 5-2.  Final concentration as a function of temperature.  The continuous curve is 
the solubility of HbS (Ross, Hofrichter et al. 1977).  Filled symbols connected by 
dashed arrows indicate the direction of temperature shift from high to low.  Some points 
occluded together because the final concentrations measured were very close.  Open 
symbols were polymerized directly to the final temperature.  The cross symbol (X) 
shows the concentration by pressing on the slide, after the final concentration of a sample 
initially gelled at 35.2 °C had reached equilibrium.  
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We attribute these results to the obstruction of polymer ends.  When growing 
polymer ends encounter the droplet boundary or other fibers, the space required for 
monomers to add onto those polymers is blocked.  This is not compensated by the 
formation of new polymers through homogeneous and heterogeneous nucleation, because 
the delay time required by these two pathways is prohibitive once much of the solution 
monomers are consumed.  Therefore, this blockage effectively terminates the 
polymerization process, trapping the solution in a metastable state. 
Despite the importance of this result, there are questions remaining about the 
possible effects of a physical boundary could impose on polymerization.  In the 
reservoir method, a significant fraction of polymer ends could run into the edge of the 
droplet where they cease to propagate, leaving solution concentration supersaturated.  
But it remains to be tested whether this phenomenon is uniquely associated with the 
droplets or indeed could happen in bulk solution as well, where there could only be 
internal fiber obstructions.  In order to verify premature termination, a different 
approach is needed to measure the final solution concentration within the gel. 
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Modulated Excitation Method 
 
i. Calibration 
The modulated excitation method is adopted to test the universality of HbS solution 
metastability.  Since this method does not require a confined volume, having a droplet is 
not a mandate.  We can use the modulated excitation method to study the behavior of 
bulk HbS solution without a physical boundary. 
According to equation 4.16, the first step of modulated excitation experiment is to 
determine the T state binding rate kT.  The DC component of laser aI was previously 
considered insignificant, compared with kTc0.  But recent examination shows that aI 
may not be negligible and in fact the omission of this DC term may indeed explain the 
discrepancy from our previous conclusion of data collected by the modulated excitation 
experiment.  Therefore, the correct calibration of the DC contribution is very important 
for the accurate determination of the binding rate. 
One way to calibrate the DC term is to perform a series of φcot  measurements by 
varying the laser intensities and then extrapolate the intensity towards zero to get the true 
binding rate.  The problem with this approach is that the nature of small signals in the 
modulation experiment requires maintaining a certain level of laser intensity.  The 
operational laser intensity is often far from zero which makes the extrapolation 
precarious. 
101 
 
  
Instead, we used an alternative method, which is by varying the sample 
concentration.  A series of samples of different concentrations were measured under the 
equivalent conditions, i.e. laser intensity and temperature, so as to keep the DC 
contribution of the laser excitation aI constant.  All of these samples were deoxyHb 
samples with trace amount of CO, whose concentrations were below solubility or slightly 
above, hence they were unable to polymerize or at least not within the time frame of 
measurement.  Only in the gel-free sample, is its solution concentration equal to the 
sample’s predetermined initial concentration.  φcot  measurements were performed for 
these samples.  Figure 5-3 shows the result of one of the calibration experiments.  
According to equation 4.16, the true binding rate constant kT can be determined from the 
slope of the linear regression of the data, whereas the aI is obtained from the intercept. 
Similar calibration measurements were performed at a series of temperatures.  The 
results are shown in Figure 5-4 and 5-5. 
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Figure 5-3.  Binding rate calibration at 24.6 °C.  φω cot  is plotted against sample 
concentrations c0 (heme).  Samples with concentration higher than the solubility have 
delay times much longer than the measurement time.  The binding rate constant kT  is 
obtained from the slope and the intercept gives aI.  Then kT=162.3 mM-1s-1 and 
aI=208.72 s-1. 
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Figure 5-4.  Binding rate calibration at 13.8 °C.  φω cot  is plotted against sample 
concentrations c0 (heme).  Dashed line indicates the solubility at that temperature.    
As can be seen all sample were below solubility.  The linear fitting to the calibration 
data gives the binding rate constant kT=109.8 mM-1s-1 and aI=158.2 s-1. 
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Figure 5-5.  Binding rate calibration at 35.3 °C.  φω cot  is plotted against sample 
concentrations c0 (heme).  Dashed line indicates the solubility at that temperature.  
Samples with concentration higher than the solubility have delay times much longer than 
the measurement time.  The linear fitting to the calibration data gives the binding rate 
constant kT=253.0 mM-1s-1 and aI=230.4 s-1. 
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ii. Activation Energy 
The temperature dependence of the binding rate constant kT is shown in figure 5-6, 
where the log of the rate constant for binding the first CO to a deoxyHb is plotted as a 
function of 1000/T, T being the absolute temperature (K).   
The rate constant curve is fit with linear regression.  The fitting equation for figure 
5.6 is 
T
kT
100043.3638.16ln ×−=                                          (5.1) 
The rate constant kT follows Arrhenius type equation 
RTE
T
aekk /0
−=                                                     (5.2) 
where k0 is the pre-exponential factor, Ea is the activation energy for binding the first CO 
to deoxyHb, R is the gas constant and T is the absolute temperature.  If we take the 
logarithm of equation 5.2, it becomes  
RT
Ekk aT −= 0lnln                                                  (5.3) 
Therefore, the activation energy Ea can be obtained from the slope of the lnkT vs. 1000/T 
graph as  
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RslopeEa ×=                                                     (5.4) 
Here the slope is 3.43.   Then activation energy is =aE 6.82 kcal/mol. 
 
Figure 5-6   Temperature dependence of the binding rate constant.  The logarithm of 
binding rate constant for the first CO to HbS is plotted as a function of 1000/T.  T is the 
absolute temperature.  Data is from calibration experiments performed at three different 
temperatures (Figure 5.3 – 5.5).  The dashed line is the fit to the data: y=-3.43x+16.638. 
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iii. Binding Rate 
The recombination of HbS molecule to CO can be considered in terms of two 
independent processes.  Firstly, the ligand CO and HbS in the solution have to come 
into contact before they can bind with each other.  This process is controlled by the 
diffusion rate of both molecules.  If we approximate HbS and CO as neutral spheres 
with no specific interaction energy involved, then the rate constant for this process can be 
written as 
001 )(4 NDDrk COHb += π                                             (5.5) 
where r0 is the radius of hemoglobin molecule (32 Å) (CO is omitted here, considering its 
small size compared with Hb), DHb and DCO are diffusion coefficients for Hb and CO 
respectively and N0 is Avogadro’s number.  The magnitude of (DHb+DCO) is dominated 
by DCO and is > 10-5 cm2/s (Minton and Ross 1978), so the rate constant for this process 
k1 is about 1110102 −−× sM . 
The second process involves the CO diffusing into the hemoglobin and binding at 
the heme site.  This is the rate that is of interest in this experiment.  If we denote the 
rate constant of the second step as k2, then 
21
111
kkkT
+=                                                      (5.6) 
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The measured rate constant kT is the total rate and it is at the order of 105 M-1s-1, 
which is much slower than k1.  Therefore, the whole ligand binding process is 
dominated by k2, and Tkk ≈2 . 
 
iv. Method Validation 
Once the binding rate constant kT and the DC component of laser have been 
calibrated, we can then use them to measure the final concentration of deoxyHb in a 
gelled sample under equivalent conditions. 
The central issue of this work is to determine whether the phenomenon of 
metastable polymerization observed in droplets also occurs in uniform solutions.  Since 
the droplet measurements were obtained by the reservoir method, while the uniform 
solutions are measured by modulated excitation, it is important first of all to verify that 
the two measurement techniques are equivalent. 
  In order to eliminate sample variation, we developed a partial saturation method, 
where both the modulated excitation and the reservoir method can be applied using the 
same sample.  In such an approach, the hemoglobin droplet was only partially saturated 
with CO, whereas the surrounding oil was not.  The reservoir method was conducted in 
a usual way.  However for modulated excitation, a steady laser photolysis was 
maintained until the CO saturation of the slide was reduced to 1-2%, as required by the 
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method.  Using partial saturation, we were able to compare the results between two 
independent methods but under the same geometry. 
Table 5.1 compares the final concentration in the same droplet sample as measured 
by both modulated excitation and the reservoir method.  Both methods agree very well, 
differing by no more than 1% (0.2 ± 0.7 g/dl).  Moreover, both approaches show higher 
terminal concentration than sedimentation solubility. Thus we conclude that the 
modulated excitation and reservoir methods are equivalent in measuring the final 
concentration of the hemoglobin in the sample. 
 
 
Table 5.1 Measurements of final concentration in droplets using different methods under 
identical conditions.  *Homogeneous sample (all others are measured in partially 
saturated droplets) 
Initial 
Concentration 
(g/dl) 
Temperature 
(°C) 
Modulation 
Method (g/dl) 
Reservoir 
Method (g/dl) Cs (g/dl) 
29.1 (±0.1) 25.4 23.9 (±0.4) 24.1 (±0.5) 17.5  
23.1 (±0.6) 24.8 20.3* (±0.5) 20.1 (±0.6) 17.7  
28.2 (±0.2) 24.6 24.2 (±0.5) 24.2 (±0.5) 17.7  
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v. Universal Metastability 
After verifying that the reservoir method and the modulated excitation method are 
consistent with each other, we can then investigate whether the boundaries of the droplets 
make any difference in the final concentrations achieved.  The modulated excitation 
method was applied to both uniform and droplet samples and the results are compared in 
Table 5.2.  The droplet sample used here were gelled deoxyHb droplets with trace 
amount of CO. 
Table 5.2  Measurements of final concentration under different geometries using 
modulated excitation method. 
Geometry Initial Concentration 
(g/dl) 
Temperature 
(°C) 
Final Concentration 
(g/dl) 
cs    
(g/dl) 
Droplet 28.2 24.6 23.8 ± 0.2 17.7 
Uniform 27.1 24.6 24.2 ± 0.8 17.7 
The results in table 5.2 differ only by 0.4 ± 0.8 g/dl, which is less than 2%.  Both 
results exceed the expected solubility.  Thus we can conclude that the phenomena of 
premature termination of polymerization are not dominated by the boundary effects.  
They occur in bulk solution as well and are therefore universal. 
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vi. Concentration Dependence 
The final concentration of the solution depends on the initial concentration of the 
sample.  This dependence is observed in both uniform and droplet samples.  Figure 5.7 
shows the terminal concentration as a function of the initial concentration of hemoglobin 
for samples which are polymerized and measured without change of temperature. 
At a given temperature, the final concentration would be expected to be independent 
of initial concentration if solubility were reached.  But it is evident from figure 5.7 that 
the final solution concentration increases with increasing initial concentration regardless 
of which method is adopted. 
We can infer several important points from Figure 5-7.   
a) The final concentration does not appear to be sensitive to the temperature, as the 
temperature dependence of solubility is relatively flat between 25 - 35°C. 
b) All terminal concentrations are less than the heterogeneous nucleation threshold (the 
dashed line, about 24 g/dl) below which nucleation practically ceases. 
c) When initial concentration decreases, the final solution concentration approaches 
sedimentation solubility, which implies that premature termination of polymerization 
was caused by fiber obstruction due to the crowding of polymers. 
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Figure 5-7  Final concentration vs. initial concentration for different methods and 
temperatures.  Filled symbols were measurements on uniform samples at 35°C using 
modulated excitation method.  Open triangles and squares were measurements using the 
reservoir method on droplet samples at 35.2°C and 25°C respectively.  The dashed lines 
show the sedimentation-determined solubility at those temperatures. 
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The universal metastability is also exemplified when we plot the amount of 
polymers as a function of the expected polymer concentration (c0 - cs) in figure 5-8.  The 
relationship is quite linear with a slope of 0.67, i.e. only 67% of the expected polymer 
mass forms. 
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Figure 5-8  Polymerized hemoglobin vs. expected polymer concentration (c0 – cs).  
Filled symbols are from the modulated excitation method and open symbols are obtained 
from reservoir method.  Data include measurements at temperatures ranging from 15oC 
to 35oC.  The solid line was the linear regression of data with the constraint of going 
through the origin, and has a best-fit slope of 0.67.  The dashed line was the fit using 
quadratic form with the constraint at the origin. 
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vii. Path Dependence 
Since metastability was observed in uniform samples, it is expected that the final 
concentration should also depend on the path by which it is achieved just like in Figure 
5.2.  The temperature shift experiment was performed for uniform samples using 
modulated excitation method and the results are shown in Figure 5-9. 
 
Figure 5-9 Temperature shift experiment (Modulated excitation method).  The 
continuous curve is the solubility of HbS (Ross, Hofrichter et al. 1977).  Filled symbols 
were measured directly at the final temperature.  Open symbols connected by dashed 
lines with arrows were measured after sample was gelled and then changed to that 
temperature. 
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It is interesting to note from Figure 5-9 that the final concentration seems to be set 
by its initial gelling conditions, i.e. temperature and concentration, which is consistent 
with the idea that there is no further change in final concentration unless the solubility is 
crossed, then it tracks the solubility line.  Notice that the terminal concentration 
approaches the solubility cs of 22.6 g/dl at 12.9 °C because the initial sample 
concentration in this experiment was only 23.1 g/dl. 
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Chapter VI  Discussion 
 
Universal Metastability 
 
The equivalence of the monomer concentration measured on uniform samples as 
well as droplets demonstrates that the premature termination of polymerization is not 
uniquely associated with droplets.  It is indeed a universal property of dense, 
polymerized HbS solutions.  Instead of reaching thermodynamic equilibrium, the HbS 
gel is trapped in a metastable state. 
Since the modulated excitation experiment has excluded the effects of droplet edge 
in the final results, we propose that the nature of metastability of the polymerization 
process must come from the internal crowding of dense polymers. 
As described in the introduction, sickle hemoglobin polymerize through two types of 
pathways, the homogeneous and the heterogeneous nucleation.  The extraordinarily high 
concentration dependence of the nucleation rates (both homogeneous and heterogeneous) 
gives rise to the delay time and auto-catalytic exponential growth that characterize the 
reaction of sickle hemoglobin polymerization.  As polymerization progresses, 
monomers are continuously being consumed.  As a result, both nucleation rates plunge 
dramatically: for example, the heterogeneous nucleation rate drops for ten orders of 
magnitude when concentration decreases from 30 g/dl to 21 g/dl (Ferrone, Hofrichter et 
al. 1985).  This dependence is shown in Figure 6-1. 
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Figure 6-1 Heterogeneous nucleation rate vs. concentration.  Heterogeneous nucleation 
rate per mmol of polymerized monomer (continuous line) is plotted as a function of the 
concentration.  The curve is generated from the kinetics data (log B vs. log c) (Ferrone, 
Hofrichter et al. 1985) by considering that the heterogeneous nucleation rate varies as B2. 
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At 21 g/dl, the homogeneous nucleation is already dormant and the heterogeneous 
nucleation rate is very low.  The characteristic delay time at this concentration is at the 
order of 105 seconds (Christoph, Hofrichter et al. 2005).  Even though this final 
concentration is well above the solubility (17.6 g/dl at 25°C), the generation of additional 
polymers is impeded by the reduced rate of heterogeneous nucleation.  The suppression 
of both nucleation rates leaves only one way of further polymerization, which is through 
polymer growth, namely, the direct addition of monomers onto the fiber ends.  The 
polymer elongation rate α depends on the solution monomer activity with respect to the 
solubility, 
)( sscck γγα −= +                                                   (6.1) 
where k+ is the monomer addition rate constant that has been measured directly (Samuel, 
Salmon et al. 1990), γc is the product of the monomer concentration and activity 
coefficient, i.e. monomer activity, γscs is the monomer activity evaluated at solubility. 
From equation 6.1, the polymer growth rate α should slow down when solution 
monomer concentration decreases as a result of polymerization.  The reduced growth 
rate could in turn have an impact on the heterogeneous nucleation.  Using transition 
state theory, the heterogeneous nucleus is the most unstable species which resides on the 
apex of the nucleation barrier.  Once it forms, it either quickly elongates into long 
polymers or simply disintegrates back to the more stable monomers.   In fact, if the 
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nucleation barrier is symmetric, monomer is the most stable species unless the polymer 
length is twice the size of the nucleus.  Therefore, when the polymer elongation rate is 
slow enough, it is more likely for a heterogeneous nucleus or even small polymers to 
dissociate into monomers as they walk along the reaction path.  Consequently, the 
heterogeneous nucleation is further suppressed. 
On the other hand, the elongation of polymers itself could be thwarted because of 
crowding.  If dense polymer domains exist in solution, the outgoing fibers that were 
originated from one domain could encounter and be obstructed by their counterparts from 
other domains before they consume the solution concentration down to solubility. 
 
 
Crowding of Domains 
 
The double-nucleation mechanism not only prescribes the kinetics of sickle 
hemoglobin polymerization, it also determines the shape and configuration of the 
polymers.  Homogeneous nucleation makes the first polymers in empty solutions by 
spontaneous coalescence of monomers.  On the other hand, heterogeneous nucleation 
creates fibers that are attached to the existing polymers.   When polymers grow, they 
can also bend (Samuel, Salmon et al. 1990).  The interplay of heterogeneous nucleation 
and random bending creates a dense array of cross-linked fibers, called domains.  At 
distances far from the starting point, which is also the location of the homogeneous 
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nucleus, the domains are often radial or like spherulites.  The formation of domains has 
been successfully simulated (Dou and Ferrone 1993) and observed with its distinct 
birefringence pattern that looks like “Maltese crosses” as seen in Figure 6-2. 
 
Figure 6-2 Polymer domains in low phosphate buffer.  The alignment of polymers gives 
rise to the distinct birefringence pattern of domains that can be visualized with crossed 
polarizers.  Each domain is characterized by an asymmetric cross pattern.  Picture was 
taken by Kodak digital science camera DC120 adapted to the Olympus BH-2 microscope.  
Sample was a deoxyHb sample with initial concentration of 27.6 g/dl at room 
temperature. 
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According to the double-nucleation theory, the time course of initial phase of 
polymerization is described by 
[ ]1)cosh()( −=Δ BtAt                                               (6.2) 
where cc −=Δ 0  is the concentration of polymerized hemoglobin, the parameter A and 
B depend on the specifics of the reaction including the homogeneous nucleation rate f(c0), 
heterogeneous rate g(c0) and the polymer elongation rate α (Ferrone, Hofrichter et al. 
1985). 
[ ]0000 /)()(/)( dccdfcgcfA −=                                       (6.3) 
[ ]0002 /)()( dccdfcgB −= α                                           (6.4) 
)( 00 sscck γγα −= +                                                  (6.5) 
The rate of generation of polymers is simply the product of the elongation rate α and 
the concentration of polymer ends cp, that is  
ppss cccckdtd αγγ =−=Δ + )(/ 00                                       (6.6) 
At the exponential growth phase, the heterogeneous nucleation dominates and we 
have 1>>Bt and BtAe2/1→Δ .  If we assume the concentration dependence of 
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homogeneous nucleation rate is small compared with heterogeneous nucleation rate, i.e. 
)(/)( 000 cgdccdf << , then equation 6.2 becomes 
)(2/)()( 00 cgecft
Bt=Δ                                           (6.7) 
Differentiating equation 6.7 with respect to t and substituting it into equation 6.6, we can 
estimate the average number of monomers in a polymer <n> by 
)( 0cgBc
n
p
αα ==Δ=                                              (6.8) 
Although the above derivation only applies to the exponential growth phase of the 
reaction, it is still useful to get some generalized features of the polymerization.  The 
significance of equation 6.8 is remarkable.  It implies that during the exponential growth 
the average length of polymers is a constant that does not depend on time.  Rather it is 
determined by the growth rate and the heterogeneous nucleation rate that is set by the 
initial conditions, such as c0 and T. 
On the other hand, the concentration of domains is controlled by the homogeneous 
nucleation rate by  
τ0fcn domian ==                                                   (6.9) 
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where τ is the characteristic delay time, f0 is the homogeneous nucleation rate. 
The formation of homogeneous nuclei is a random process, and therefore we can 
approximate that the domains are randomly positioned in space, whose volume assumes 
an exponential distribution (Christoph, Hofrichter et al. 2005) 
dVnedVVw nV88)( −=                                              (6.10) 
where n is the number density of domains. 
It follows from equation 6.10 that the average volume of domains is 
nn
VdVVwV
8
1)2(
8
1)(
0
=Γ== ∫∞                                      (6.11) 
If we approximate each domain as a spherulite, then we can compare the average 
fiber length with the domain size.  The comparison is shown in Table 6.1 and it is 
illuminating.  In a 29 g/dl sample, the average polymer length during the exponential 
growth phase, which is approximately the first 10% of the reaction, is about 0.3 μm, 
whereas the average domain diameter is only 0.5μm.  When polymerization progresses 
past the first 10%, the concentration of monomers falls significantly.  As a result, the 
heterogeneous nucleation rate drops drastically, and effectively ceases to produce new 
polymers.  With the cessation of forming new polymers, but only 10% of the maximum 
monomer consumption reached, the only way of making up the rest of the reaction is 
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through polymer elongation.  Therefore, the average polymer length has to increase 
substantially.  If polymer were allowed to grow until the solution concentration reaches 
solubility, the average fiber length would have increased to 10 times the 0.3μm, or 3 μm.  
However, the polymers from one domain can not grow freely, considering the 
simultaneous expansion of other domains.  Given the average domain size of 0.5μm, the 
average polymers would have to traverse about 6 polymer domains in order to reach its 
ultimate length, providing enough opportunities to become embedded and trapped in an 
impasse. 
Table 6.1  Comparison of average fiber length with average domain size.  The 
calculation is based on the kinetics data at 25 °C (Cao and Ferrone 1997) and (Ferrone, 
Hofrichter et al. 1985). 
Concentration   
(g/dl) 
Delay time 
(s) 
Average polymer length 
(μm) 
Diameter of average 
domain (μm) 
32 0.2 0.2 0.3 
29 1.5 0.3 0.5 
26.2 23 1.2 1.2 
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When the initial concentration is very low, the delay time becomes very long.  The 
entire macroscopic sample could consist of only a few domains or even just a single 
domain.  This is due to the extreme sensitivity of nucleation rates.  The first nucleation 
event and the immediate consumption of monomers preclude the possibility of further 
nucleation.  In addition, with low initial concentration, the total polymer density is also 
smaller.  As a result, these factors alleviate or obviate the possibility of domain 
crowding, which also explains why in Figure 5.7 the final concentration approaches 
solubility with decreasing initial concentration. 
 
 
Quantitative Explanation of Premature Termination of 
Polymerization 
 
The previous analysis reveals an important aspect of the sickle hemoglobin 
polymerization.  Except for the initial delay period, the polymers spend most of their 
time elongating in a crowded environment defined by the simultaneous expansion of 
other domains, which ultimately leads to the polymer obstruction with the gel system 
trapped in a metastable state.  In order to seek a quantitative explanation and prediction 
of the final concentration, i.e. assuming our results of 2/3(c0-cs) as in Figure 5-8, we 
constructed a simple model based on the idea that the polymer growth rate is dependent 
on the void volume fraction accessible to the polymers. 
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Before elaborating the model, remember first that in equation 6.5, we have the 
polymer elongation rate α defined by 
)( 00 sscck γγα −= +  
where k+ is the monomer addition rate constant that is only dependent on the temperature.  
We can change equation 6.5 into a slightly different form 
−−= kkaα                                                               (6.12) 
where the association rate ka and dissociation rate k- are consequently 
00ckka γ+=     and     ssckk γ+− =                                        (6.13) 
The dissociation rate k- only depends on k+ and solubility, which does not change with the 
polymerization process.  But now, we assume that the association rate ka not only 
depends on the monomer concentration, i.e. γc, it is also affected by the void volume 
fraction Vf that is available to the growing polymers as well.  To see that, we include Vf 
into the expression of ka. 
00ckVk fa γ+=                                                            (6.14) 
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Since 10 << fV , equation 6.14 expresses that the actual association rate is only a 
fraction Vf of the addition rate without this volume exclusion effect.  The more crowded 
the gel as to the polymer, the less Vf becomes and the slower the polymer grows, and vise 
versa. 
Using Ogston’s model (Ogston 1958; Ogston, Preston et al. 1973; Williams, Jr. et al. 
1998) which is based solely on geometry of spaces, Vf can be expressed as 
( ) ⎥⎥⎦
⎤
⎢⎢⎣
⎡
⎟⎟⎠
⎞
⎜⎜⎝
⎛ +−=
ν
ε
f
sol
f r
rV 11exp                                          (6.15) 
where ε is the void volume ratio, rsol is the radius of the solute of interest, rf is the radius 
of the fiber in the gel, ν is the scaling parameter which represents the ratio of the 
persistence length of the fiber to the fiber radius.  In the case of sickle hemoglobin fibers, 
ν is approximately 2 (Johansson and Löfroth 1993). 
From equation 6.15, we make two assumptions.  Firstly, since we are interested in 
the growth of polymers, our rsol is therefore just the radius of the fiber itself.  Secondly, 
when we calculate the void volume ratio ε, only that volume occupied by the polymers is 
considered, because it is the obstructions among polymers that prevents the system 
reaching solubility.  With these assumptions, equation 6.15 becomes 
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( )[ ] ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −−=−=
pp
t
f c
ccV 04exp14exp ε                                  (6.16) 
In equation 6.16, ct is the measured terminal concentration, cpp is the concentration of the 
hemoglobin in the polymers.   
As polymerization progresses, the polymer elongation rate slows down both as a 
result of depleting monomer concentration as well as because it becomes more and more 
difficult for fibers to navigate in an ever crowding gel made of domains of polymers.  
Eventually, when the terminal concentration is reached, the net polymer elongation rate 
becomes zero, that is, 
0)( =−= + ssttf ccVk γγα                                                  (6.17) 
Therefore 
   
tt
ss
pp
t
f c
c
c
ccV γ
γ=−−= )4exp( 0                                           (6.18) 
If we estimate the terminal concentration by assuming only 2/3 of expected polymers are 
actually made, then there is only one fitting parameter in equation 6.18 to explain our 
results, i.e. cpp.  Another way of seeing this model is to fix the polymerized hemoglobin 
concentration cpp, and interpret rsol in equation 6.15 as hole size that allows polymer 
fibers to permeate.  To do this, we assign factor λ as the ratio of average hole size in the 
130 
 
  
gel to the diameter of the fiber.  Therefore, equation 6.15 becomes 
( )( )[ ] ( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛ +−−=+−= 20 1exp11exp λλε ν
pp
t
f c
ccV                         (6.19) 
Fixing cpp as typical gel density 55g/dl, we can fit the same equation 6.18 instead with 
parameter λ.  The quantitative analysis of this model and the corresponding fitting 
parameter are shown in Table 6-2. 
From table 6-2, the best fit to our results are achieved by using a cpp between 45 g/dl 
to 50 g/dl, or equivalently by using λ between 1.25 to 1.15.  Lower density cpp is 
accompanied with larger holes relative to fiber size in table 6-2(d), giving polymers more 
freedom to permeate in the gel system, which is reasonable.  The best fitting value of cpp 
is less than the density of the pure polymer phase which is about 69 g/dl, however it is 
well in the right range of the gel density that were observed in either sedimentation 
experiment (pellet concentration of 48─55 g/dl) (Hofrichter, Ross et al. 1976) or laser 
induced polymerization (Cho and Ferrone 1992).  It is the density that includes volume 
exclusion effects of both the polymer phase and the monomers phase in the gel.  
Therefore, we think our quantitative model, however simple, is reasonable.  It gives a 
kinetic rationale in explaining the reason of premature termination of polymerization and 
makes a sound connection with the crowding of the solution. 
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Table 6-2  Quantitative analysis of reduced growth rate model.  ct and ct’ are measured 
terminal concentration (2/3 assumption) and calculated terminal concentration using the 
model respectively.  Best fitting based on either parameter cpp or λ essentially yield 
same results. 
(a) 15 °C 
C0 (g/dl) ct (g/dl) ct’ (g/dl) ε Vf 
37.6 26.8 26.8 0.77 0.39 
35.5 26.1 26.1 0.80 0.44 
34.0 25.6 25.6 0.82 0.48 
32.0 24.9 25.0 0.85 0.54 
31.0 24.6 24.6 0.86 0.58 
29.0 24.0 24.0 0.89 0.65 
27.0 23.3 23.3 0.92 0.73 
26.0 23.0 23.0 0.94 0.77 
25.0 22.6 22.7 0.95 0.82 
(b) 25 °C 
C0 (g/dl) ct (g/dl) ct’ (g/dl) ε Vf 
35.0 23.3 23.3 0.76 0.38 
32.0 22.4 22.3 0.80 0.45 
29.0 21.4 21.4 0.84 0.53 
27.5 20.9 20.9 0.86 0.58 
26.2 20.4 20.4 0.88 0.62 
25.3 20.1 20.1 0.89 0.66 
24.0 19.7 19.7 0.91 0.70 
23.0 19.4 19.4 0.93 0.74 
22.0 19.1 19.1 0.94 0.79 
21.6 18.9 18.9 0.95 0.80 
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(c) 35 °C 
C0 (g/dl) ct (g/dl) ct’ (g/dl) ε Vf 
34.5 22.3 22.3 0.75 0.37 
32.0 21.5 21.5 0.78 0.42 
29.0 20.5 20.5 0.83 0.50 
27.5 20.0 20.0 0.85 0.54 
26.2 19.6 19.6 0.86 0.58 
25.3 19.3 19.3 0.88 0.61 
24.0 18.8 18.9 0.89 0.66 
23.0 18.5 18.5 0.91 0.69 
21.5 18.0 18.0 0.93 0.75 
20.0 17.5 17.5 0.95 0.82 
(d) Best fitting parameter cpp and λ 
 15 °C 25 °C 35 °C 
cpp (g/dl) 46.4 48.6 48.9 
λ (cpp=55g/dl) 1.24 1.17 1.16 
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Alternatively, we tried to estimate the gel density by calculating cpp or λ based on 
our raw data points as shown in Figure 5-8, instead of using the 2/3 assumption.  The 
results are plotted in Figure 6-3. 
 
Figure 6-3 Polymerized hemoglobin concentration vs. supersaturation.  Concentration of 
polymerized hemoglobin cpp is plotted against the supersaturation of the 
sample, ssccS γγ 00= .  Filled symbols are calculated based on equation 6.18 and data 
points from Figure 5-8.  The solid line is the linear regression to the data.  In the inset, 
estimated hole to fiber size ratio λ is plotted against S by fixing cpp=55g/dl. 
134 
 
  
The gel density cpp calculated from raw data points are very noisy as can be seen 
from Figure 6-3, the same observed for λ.  Failing to show a notable pattern, cpp or λ 
does not seem to depend on the supersaturation of the sample in a predictable way.  
Therefore, given the scatter of original data points, more valuable information can be 
extracted by using our 2/3 assumption. 
Our simple model also helps explaining the results of the temperature shift 
experiment as seen in Figure 5-2 and 5-9, in which the final concentration is determined 
by the initial concentration and the temperature at which it nucleates.  An important 
concept of above analysis is that the geometry of a polymer domain, such as the average 
polymer length, is controlled by the conditions of its creation.  Therefore, our fitting 
parameter, the density of the gel system cpp is also dominated by the initial conditions. 
After the system is trapped in a metastable state, lowering the temperature only suffices 
to lower the residual supersaturation 
ssc
cS γ
γ=  by increasing the solubility cs, rather than 
to change the geometrical structure of the polymers or cpp itself.  Since cpp(35 °C) > cpp 
(15°C), by “freezing” the polymer structure at a higher temperature and hence 
maintaining Vf, the system ends up at a lower terminal concentration than if it were gelled 
at that lower temperature directly.  This explains why the terminal concentrations ct are 
relatively flat during the temperature shift experiment until it crosses the solubility, where 
the solution monomer concentration rises and tracks the solubility line.  The data in 
figure 5-2 and 5-9 are all consistent with this scenario given the error bar of the 
experiment. 
135 
 
  
On the other hand, by lowering the temperature and thus increasing the solubility, 
the dissociation rate of polymers is supposed to increase, mandating partial melting of 
polymers.  However, our temperature shift measurements are all relatively flat, 
indicating less polymers actually melted than would have been predicted by assuming a 
constant cpp.  The predicted final concentration after temperature shifts based on 
constant cpp are listed in Table 6.3, along with the actual measurements. 
 
Table 6.3  Analysis of temperature shift experiments.  Data are from Figure 5-2.  
Predicted final concentration ct are calculated by using cpp of initial temperature. 
c0 
(g/dl) 
Terminal 
concentration ct  
before T Shift  
Temperature 
Shifts (°C) 
Predicted
 ct (g/dl) 
Measured 
ct (g/dl) 
Direct measurement 
at final temperature 
ct (g/dl) 
27.8 21.2 39.1 Æ 28.4 20.4 20.1 21.3 
27.8 20.8 39.1 Æ 22.8 21.3 20.7 22.7 
27.8 21.3 39.1 Æ 17.2 22.7 22.5 24.4 
29.4 21.6 35.2 Æ 24.9 21.4 20.4 22.5 
29.4 21.6 35.2 Æ 19.6 22.5 21.8 23.6 
29.4 21.6 35.2 Æ 14.0 24.2 22.4 25.8 
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The results in Table 6.3 are consistent with our analysis.  The fact that the 
predicted final concentrations are all higher than the value actually measured is 
thought-provoking.  It implies that besides freezing polymer structures by locking cpp, a 
metastable gel also diminishes the effective dissociation of polymers, further reducing its 
ability to escape from the trapped state.  Breaking this logjam requires external 
disturbance.  This is corroborated in our “tapping” or “pressing” experiment, in which a 
decreased terminal concentration was generated by the expedient pressing of the slide 
after its final equilibrium concentration had reached, as shown in Figure 5-2.  Although, 
the pressing experiment does not lead the final concentration to solubility, which 
presumably demands significant breakage of fibers and the gel structure, it does give us 
some insights into understanding the trapping mechanism.  If we conjure the 
polymerization process along a bumpy free energy landscape consisting of a series of 
local minima, then it is very likely for a system to be trapped in one of them before it can 
reach solubility, the globally most stable state.  In order to escape from the local 
minimum, energy much higher than thermal fluctuation kT is required, such as external 
mechanical disturbance.  In our case, pressing the slide may not be the most effective 
way, compared with sedimentation, of breaking all the energetic barriers and driving the 
system towards solubility. 
Incorporating the reduced growth rate model, a numerical integration of the kinetic 
equations is performed.  The results and analysis are presented in Appendix III, which 
shed more light on the impact of this model towards the polymerization process. 
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Exceptions in High Phosphate and Dextran 
     
The premise of premature termination of polymerization relies on the existence of a 
dense network of polymers and domains.  In such situations, the further growth of free 
polymer ends in one domain is hindered by the internal obstructions of their counterparts 
in adjacent domains, which would not have occurred if the final mass of polymers is 
small or the domains are far apart from each other.  This is illustrated in Figure 5.7, 
where the final concentration approaches the sedimentation solubility when initial 
concentration decreases, that is, when polymers are dilute. 
Most of our results were measured in low phosphates (0.15M), which is close to the 
physiological conditions.  However, due to the extraordinary sensitivity of 
polymerization kinetics to the concentration of HbS, the experiments with low initial 
concentrations will be very slow and therefore impractical.  The polymerization of HbS 
can be facilitated in high-phosphate condition (Adachi and Asakura 1979) or in the 
presence of dextran, which crowds the solution (Bookchin, Balazs et al. 1999).  In high 
phosphate, the polymer domains are all sparsely scattered in solution, as can be seen from 
Figure 6-4, as opposed to the low phosphate condition in Figure 6-2.  With domains 
being so isolated, the free polymer ends propagate until they deplete the monomer 
concentration down towards the solubility.  In our experiment of 1.0 M high phosphate 
buffer using the reservoir method, the final concentration is 3.0 g/dl at 30°C, compared 
with the solubility of 3.2 g/dl (Poillon and Bertles 1979) and 3.3 g/dl (Adachi and 
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Asakura 1979) that were measured by conventional sedimentation method.  In the 
presence of 12 g/dl dextran, agreement is better than 4% between the sedimentation 
method and reservoir method (Liu, Weng et al. 2008). 
 
Figure 6-4  DIC images of polymer domains in 1.0 M high phosphate (Adachi, Ding et 
al. 2006).  (a) deoxy forms of Hb S (3.5 g/dl)  (b) 1:1 A/S mixtures (10 g/dl) 
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The applicability of our reduced growth rate model here remains in question, 
although it predicts higher terminal concentration of 4.0 g/dl using cpp=50 g/dl, compared 
the measured 3.0 g/dl.  In the high phosphate case, the kinetics and other polymerization 
properties of sickle hemoglobin are impacted by the high ionic strength of the solution, 
and as a result, greatly facilitating the polymerization process.  Under such conditions, 
factors other than volume exclusion effects may come into play.  Therefore, the direct 
application of our model may not be appropriate. 
On the other hand, the presence of dextran also complicates the matter.  Its 
presence would seem to exclude some volume that otherwise would be available to 
growing polymers.  However, our measurement is very close to the sedimentation result.  
The crowding and mutual exclusion of both hemoglobin molecules and dextran is being 
understood using scaled-particle theory treatment (Liu and Weng, 2008), in which 
dextran is approximated as a sphere whose specific volume can vary in accordance with 
the concentration of hemoglobin in the solution.  Although it can be argued whether the 
compressibility of dextran mitigates its volume exclusion effects, we can see that the 
commonness of both the high phosphate and the dextran cases are the high hemoglobin 
activity and the low domain density.  Both of these factors become more dominant than 
volume effects and thus prevent the system from being trapped in a premature state. 
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Implication towards Pathophysiology 
 
Why is our result different from the sedimentation experiment?  In sedimentation, 
the ultra-fast spin of the centrifuge creates a g-force of 60,000 ─ 170,000 g (Bertles, 
Rabinowitz et al. 1970; Hofrichter, Ross et al. 1976) that is necessary to separate the 
polymer phase in the gel from the monomer phase.  We propose that this g-force is so 
disruptive that it can fracture the polymers into smaller fragments, permitting new growth 
off those polymers whose ends were obstructed.  The strong g-force of centrifugation 
also enhances polymer alignments as evidenced by the slight increase of the pellet 
concentration with increasing centrifugal field (Hofrichter, Ross et al. 1976).  Since 
aligned polymers have more free ends, this also has the effect of promoting polymer 
growth and in turn reducing the free energy of the gel system. 
However, our methods of measurements, the Reservoir method or the modulated 
excitation method, are much less disruptive than sedimentation and therefore they are 
more akin to the physiological conditions.  Devoid of external disruption, the polymer 
ends can not avoid being obstructed in a labyrinth of domains and polymers fibers.  
Consequently, the system is trapped in a metastable state and fails to reach solubility. 
On the other hand, the hemoglobin polymers are not completely rigid.  The 
growing polymers are seen to be executing a type of Brownian fluctuation, therefore 
potentially they could seek out a path around obstruction through bending.  However, 
bending requires energy.  If we use a thin rod to model hemoglobin fiber and apply 
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Hooke’s law to describe flexural rigidity, the total energy of bending in the plane is 
∫ −= L dsddsddsEIU 0 20 )//(21 θθ                                     (6.20) 
where E is Young’s modulus, and I is the geometrical moment of inertia of the 
cross-section (Gittes, Mickey et al. 1993).  Since the bending of fibers is thermal driven, 
it can be related to the three-dimensional persistence length by 
kTEILp /=                                                     (6.21) 
where the persistence length Lp is defined as the arc length above which the angle θ(s) 
becomes uncorrelated in three-dimensional motion.  The persistence length of 
hemoglobin fiber has been measured by observing its spontaneous thermal fluctuations 
(Wang, Turner et al. 2002). 
Although the precise calculation of this bending energy is very difficult without 
knowing the exact shape of the fiber, we can still make some useful estimation.  Assume 
that the effects of bending are as if to raise the solubility, that is, at equilibrium, 
kT
U
sstt eckck γγ ++ =                                                 (6.22) 
or  
( ) ( )2
2
1lnln dsdsL
kT
U
c
cS p
ss
tt θγ
γ ==⎟⎟⎠
⎞
⎜⎜⎝
⎛=                                (6.23) 
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where in equation 6.22 we have assumed a uniform bending angle of θ over the fiber 
length of s.  Using average fiber length estimated previously and the measured terminal 
concentration at 25 °C, we arrive at an average bending angle of 2.1°/μm or 7.2 ° for a 
3.5μm long fiber.  Alternatively, if we assume the bent fibers follow Boltzmann’s 
distribution, then we can plot their angular distribution, which is shown in Figure 6-5.  
These rough estimations give us some sense of how to gauge the bending energy of the 
polymers. 
What new light could this finding of universal metastability bring to our 
understanding of sickle cell disease?  The reason for a merely simple mutation from 
HbA to HbS to escalate into sickle cell disease lies in the fact that red blood cells have to 
deform themselves in order to transit through the narrowest point of the circulation, the 
capillary, whose diameter is less than that of a red cell.  Indeed, the alteration in cell 
morphology in their transit through capillary has been observed via high-speed 
cinematography(Skalak 1969).  Figure 6-6 shows the deformation of a red cell in its 
transit through a microfluidic channel (Li, Lykotrafitis et al. 2007).  However, this 
flexibility is compromised when a cell becomes stiffened caused by bundles of fibers and 
domains that grow inside the cell. 
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Figure 6-5 Angular distributions of bent fibers. 
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Figure 6-6. Deformation of red blood cell in microfluidic channel.  A healthy red blood 
cell is squeezed through a 4 μm x 4μm microfluidic channel made of 
polydimethyloxysilane (PDMS), under a pressure differential of 1.5mm of water at room 
temperature.  Images a-d were taken at relative time of 0, 0.4, 0.8, 1.4 second 
respectively.  Notice the deformation and recovery of the shape of the red cell. 
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The complete picture of the pathophysiology of the sickle cell disease is very 
complex and intricate, but among many factors the kinetics of polymerization and the 
rheology of polymerized cells are probably the most important.  The former involves the 
delay time of polymerization with respect to the finite capillary transit time.  As 
discussed in the introduction section, if it were not for the characteristic delay time of 
sickle hemoglobin polymerization, most red blood cells will end up sickling and this 
disease would have been more severe and fatal.  In addition, the finite rate of oxygen 
delivery makes it possible for more cells to escape from polymerization and trapping in 
the capillary (Ferrone 1994). 
On the other hand, mechanical occlusion has been assumed to be attributed to the 
rigidity of the polymerized red cells.  However, from the rheological point of view, 
different arrangements for a given amount of polymers can bring about different rigidity, 
which may lead to the difference in the likelihood of occlusion.  Our results suggest a 
new aspect to the pathophysiology of sickle cell disease.  The fact that polymerization 
stops prematurely means that there could be an outward pressure from those polymers 
ending at the cell membrane exerted against the confining boundary of the capillaries. 
Such a pressure is driven by a mechanism known as Brownian ratchet, in a 
supersaturated solution which would not exist if polymer length had reached equilibrium.  
The random fluctuations of the boundary permit further growth of polymers by allowing 
monomers to be added onto the polymers ends.  At the same time, there are hemoglobin 
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molecules being dissociated from the polymer ends.  If the monomer concentration is 
greater than the solubility, or equivalently pm μμ > , then the addition rate is larger than 
the dissociation rate, which results net growth.  To understand it differently, this 
Brownian ratchet type of growth of polymers helps to lower the free energy of the 
system. 
The Brownian ratchet phenomenon has been observed in experiment (Daniels and 
Turner 2004), where a single polymer fiber was formed and isolated in a red cell using 
photolysis control.  The polymer’s growth was not stopped when its tip touched the cell 
membrane; instead it continued to elongate and started to deform the cell into a spindle. 
Finally, the fiber buckled when it can no longer sustain the restoring force of the 
stretched membrane.  In our droplet experiment, we observed similar phenomenon, 
where a masked corner of the droplet suddenly collapsed after a final concentration had 
been reached (Aprelev, Weng et al. 2007).  We interpret this as due to the outward 
pressure of the polymers on the droplet exceeding the surface tension of the droplet with 
the glass.  In Figure 6-7, we see the picture of polymer fibers poking against the 
hemoglobin droplet in oil emulsion, resulting in a spindle shape, evidence of active 
wedging in a supersaturated environment. 
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Figure 6-7  Evidence of polymer wedging.  A bundle of polymer fibers were prepared 
by photolying the hemoglobin droplet using a slit so that polymers can only grow within 
a narrow channel whereas the rest of the droplet is in supersaturation.  Growing fibers 
actively poking the droplet into a spindle shape, evidence of wedging effects through 
Brownian ratchet mechanism.  When photolysis was blocked, polymer melted 
completely.  Droplet restored its original shape with some remnant effects. 
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The theoretical characterization on Brownian ratchet (Daniels and Turner 2004; 
Daniels, Wang et al. 2006) behavior describes the force on a fiber whose growth is 
stalled by 
SkTF lnδ=                                                      (6.24) 
where k is Boltzmann’s constant, T is absolute temperature, S is the supersaturation of the 
solution and δ is the elongation length per added monomer which is approximately the 
size of a hemoglobin molecule divided by 14, considering the 14 stranded polymer 
structure (Dykes, Crepeau et al. 1979).  It is clear from Eq. 6.24 that a supersaturated 
solution with S>1 provides a source of free energy to press the cell against the 
microvascular tissue.  This description adds new interpretation to our original 
understanding of the occlusion mechanism, i.e. more than just passively obstructs the 
capillary, a stuck cell will actively wedge its surroundings.  For example, the 
concentration of polymer ends cp can be roughly estimated according to equation 6.8 
( )
αα
BccBc sp 10
0
10/1
−=Δ=                                          (6.25) 
where Δ1/10 is the concentration of polymerized hemoglobin at tenth time.  If we use 
appropriate polymerization parameter (Ferrone, Hofrichter et al. 1985; Cao and Ferrone 
1997; Ferrone, Ivanova et al. 2002) for a typical intracellular hemoglobin concentration 
of 35 g/dl (Coletta, Hofrichter et al. 1982) at 35 °C to predict the average added pressure 
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on a single domain cell, from equation 6.24 this is  
A
c
c
D
kTVcN
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SkTVcN
A
FP ss
tt
pApA γ
γ
δ ln14/ln ===                        (6.26) 
where the volume V and surface area A of the red blood cell are taken as 90 μm3 and 142 
μm2 respectively (Gifford, Frank et al. 2003).  NA is the Avogadro’s number; the size of 
hemoglobin D is about 6.4 nm; supersaturation S is calculated by assuming only 2/3 of 
polymers actually made out of if it were allowed to reach the solubility.  Calculation 
from equation 6.26 yields about 36 mm Hg pressure being exerted against the walls of the 
microvascular vessels (Aprelev, Weng et al. 2007), a number that is not insignificant 
compared with the 100 mm Hg normal human blood pressure. 
This implication also prompts us to think more about other possible effects on the 
pathophysiology of sickle cell disease that were unknown to us.  One example is the 
damage to the cytoskeleton, which can in turn affect the likelihood of red cells adhering 
to the endothelium.  Even without complete obstruction, adherence can reduce flow rate, 
increasing the chance of sickling by effectively increasing the capillary transit time. 
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Significance and Future Work 
 
The findings presented in this thesis demand quantitative corrections for those 
experiments where the amount of polymers is deduced from the calculation of solubility.  
One such case is the measurement of the polymer oxygen binding curve (Sunshine, 
Hofrichter et al. 1982).  In this experiment, linear dichroism was used to determine the 
fractional saturation of the polymer phase in the thin slides, whereas the total solution 
fractional saturation was given by absorption.  Accuracy of such measurements relied 
on the determination of the fractional extent of the polymer phase, which was calculated 
from the sedimentation data.  As indicated by our results, polymerization in thin slides 
may not proceed till thermodynamic equilibrium, therefore the amount of polymer made 
may have been overestimated by assuming solubility has been reached.  The correction 
of these results presents a challenge in that it depends on the initial conditions of the 
sample as well as the applicability of our prediction in partially saturated sample.  
Hence, further work is required to resolve these issues.  On the other hand, our results 
do not re-order the amount of polymers, therefore the correlation and relative study 
amount mutants remains correct. 
In our reduced growth rate model, the density of the gel cpp is used as a fitting 
parameter.  It is interesting enough that it falls into the reasonable range of the observed 
gel density.  Could we use it as a probe of the gel structure?  Is there a link between the 
gel density and the rheological properties of polymers and domains?  How does 
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universal metastability apply in vivo?  These fascinating questions point to the direction 
of future work and the answers to which will definitely deepen our understanding of 
sickle hemoglobin polymerization and ultimately lead to new effective therapeutic 
measures for sickle cell disease. 
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Appendix I — Calorimetry Correction 
Another implication of our results is that it requires reconsideration of some 
experiments which were previously assumed to proceed until equilibrium solubility had 
been reached.  With our finding of universal metastability, the fractional extent of 
polymerization of unperturbed samples, i.e. samples have not been centrifuged, may have 
been overestimated.  An example is the unresolved discrepancy in the result of 
calorimetry experiment. 
The heat transferred during the course of polymerization is expected to agree with 
the van’t Hoff analysis of the solubility.  However, there is significant difference 
between the measured enthalpy change in the calorimetry experiment and the van’t Hoff 
prediction as can be seen from the inset of Figure A-1.  Some suggestions have been 
proposed to attribute this difference to the possibility of additional process in the 
thermodynamic analysis, such as proton or other ion binding (Eaton and Hofrichter 1990), 
but no conclusive explanations have been presented. 
  Since the polymerization process in the calorimetry measurement is unperturbed, 
we would expect premature termination of polymerization in this case.  Thus, we can 
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recalculate the molar enthalpy change in the calorimetry data by assuming only 67% of 
maximum polymers were actually made in the experiment.  Moreover, as indicated by 
our temperature shift results, structure is frozen by the initial temperature of 
polymerization.  Therefore, we used the initial temperature to set the final fraction of 
polymers, i.e. 67% of )(0 initials Tcc − , while we used the final temperature of the heat 
absorption in the abscissa because the heat transfer is not complete till then.  Using this 
protocol, our correction gives good agreement between the data and the van’t Hoff 
prediction as seen in Figure A-1.  Not only does this resolve a long standing discrepancy, 
but it also shows that this phenomenon of metastability is indeed universal and extends 
beyond thin-slide samples. 
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Figure A-1 Molar enthalpy change vs. temperature.  The data (open symbols) are from 
scanning calorimetric experiments (Ross, Hofrichter et al. 1977), ΔHs have been 
recalculated using polymer density of 3/69.0 cmgcP = , other protocols of correction are 
as described.  Note that the continuous line is not the fit to the data, it is ΔHs calculated 
from the van’t Hoff analysis of the solubility data 
)/1(
ln
Td
Kd
R
H =Δ− , where K is the 
equilibrium constant.  As can be seen, agreement is quite good, compared with the 
apparent deviation in the inset, where the dashed line is the fit to the data. 
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Appendix II —Modulated Excitation 
on top of DC Photolysis 
     
The Modulated excitation method to study the first ligation process requires the 
sample to be doexyHb with trace amount of CO so that a simple two-state model (T0 and 
T1) can be applicable.  An alternative way of doing this is to use steady DC laser 
photolysis to reduce most COHb into deoxyHb and at the same time apply modulated 
excitation to study the relaxation.  Using this idea, we have conducted experiments with 
modulated excitation on top of the DC photolysis. 
In this experiment, the samples are droplets fully saturated with CO.  The DC laser 
intensity is maintained at a level to photolyze most but not all of the CO so that only a 
few percent are left for modulation.  The procedures are the same as described 
previously, but the presence of high DC laser intensity adds another level of complexity 
and will be discussed here. 
In modulated excitation, the oscillating laser intensity is expressed as 
)1()( += tieItI ω                                                   (A.1) 
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for mathematical convenience, where the 1 is required to keep the intensity ≥ 0.  But 
now the DC intensity is much higher compared with the AC amplitude, then we can write 
)()( beItI ti += ω                                                   (A.2) 
where b >1.  The DC measurement of the laser intensity is therefore 
AC
DC
I
DCb
2
==                                                  (A.3) 
according to Figure A-2.  The 
2
2 term is the from the RMS measurement of sinusoidal 
signal. 
To accommodate this change, the equations describing the modulated species is 
consequently modified to 
[ ] TbeaITCOk
dt
dT ti
T )(00 ++−= ω                                      (A.4) 
With the substitution of the first harmonic series, equation A.4 becomes 
)()( 1,10,10,011,001,0 bTTaITXTXkTi T +++−=ω                            
     [ ]1,01,00,001,00,00 )1()( TbTTcaITTXkT −−−−++−=  
     [ ] )()( 0,001,00,00 TcaITaIbTXkT −+−+−=                          (A.5) 
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Figure A-2  Modulation on top of DC laser intensity. 
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Solve for T0,1 
ωiaIbck
aIT
T
T ++
≈
0
0,1
1,0                                               (A.6) 
The φcot  of the signal becomes 
ωφ
abIckT +−= 0cot                                                (A.7) 
which can be also be written as 
abIckT +=− 0cotφω                                              (A.8) 
Compared with equation 4.16, the modification is that we now have b as a 
multiplication factor in the DC component of the laser term. 
From equation A.8, we can expect that φωcot−  should depend linearly on bI, if 
we vary the DC laser intensity and keep other variables unchanged.  The result is shown 
in Figure A-3. 
It is evident from Figure A-3 that φωcot−  does increase with laser intensity.  
This dependence challenges the use of this method to accurately measure the true binding 
rate kT.  The true binding rate corresponds to the case when laser intensity is very low, 
i.e. kTc0>>abI.  From linear regression to the data, a long and precarious extrapolation 
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predicts an intercept of 3472.6 s-1, which corresponds to a binding rate of kT = 238.9 
mM-1s-1, significantly different from the true binding rate at this temperature kT = 113.8 
mM-1s-1 obtained by interpolating from Figure 5.6.  We attribute this difference to the 
variation of CO saturation accompanying the change in laser intensity.  In derivation of 
equation 4.16 and A.8, we assumed a simple two-state model, i.e. T0 and T1, which 
requires the solution CO saturation to be restricted around 1-2%.  However, in 
photolysis experiment, CO saturation depends on the laser intensity.  The stronger the 
laser, the lower the CO saturation is.  We recorded the CO saturation at different DC 
intensity in table A.1. 
Table A.1 CO saturation at different DC laser intensity. 
bI φω cot−  CO Saturation (%) XR (%) 
1.97 3768 8.0 2.4-（3.5） 
2.51 3907 7.3 1.9-（3.0） 
3.17 3910 7.2 1.9-（2.9） 
3.78 4061 5.0 0.8-（1.5） 
4.15 4134 4.7 0.7-（1.2） 
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Figure A-3  Dependence of φωcot−  on DC Laser Intensity.  The filled symbols are 
data collected by varying the DC intensity on a sample (23.42 g/dl) at 15 °C.  The solid 
line is the fit to the data with slope=155.2 and intercept=3472.6 s-1, dashed line is the fit 
with the constraint of right intercept. 
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From table A-1, CO saturation increases with decreasing DC intensity.  When the 
CO saturation is far away from the safe zone of 1-2%, the simple two-state model is not 
warranted.  Indeed, the fraction of hemoglobin molecules assuming R and T quaternary 
structures can be estimated using the MWC model and its corresponding parameters. 
T
TR
R
R xpKLpK
pKx −=+++
+= 1
)1()1(
)1(
44
4
                                (A.9) 
44
33
)1()1(
)1()1(
pKLpK
pKpLKpKpKf
TR
TTRR
+++
+++=                                (A.10) 
Using appropriate allosteric parameters (Hofrichter 1979), the fractional concentration of 
variant hemoglobin species are plotted as a function of CO saturation in Figure A-4. 
Given our CO saturation, the fraction of R state molecules, XR, can be estimated to 
be about 1-3%.  These estimations are listed in the last column of Table A.1, the first set 
of numbers are calculated using parameters in Figure A-4 (a) whereas the numbers in the 
parenthesis used parameters of A-4 (b) .  Considering the vast difference between R 
state binding rate 113106 −−×≈ smMKR  and the T state binding rate 
112101 −−×≈ smMKT , a 2% mix of R state molecules into the majority of T states is 
enough to explain the high KT that we measured in this experiment. 
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Figure A-4.  Calculated liganded species concentration under the 2-state allosteric model.  
Parameters used in the plots: (a) L=105, KT/KR=0.01, KR=160 torr-1; (b) L=107, 
KT/KR=0.002, KR=500 torr-1. 
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This analysis reminds us the sensitivity of the binding rates to the partitions of the 
sample and how the assumption of the (T0, T1) two-state model should be used with 
caution.  It also gives us some hints in explaining the discrepancy between our present 
finding and the previous results of the modulated excitation experiment.  Previously, the 
method of modulated excitation appeared to support the sedimentation solubility (Liao, 
Martin de Llano et al. 1996).  Our present results disagree with the previous finding, 
which we have not been able to reproduce in a substantial number of attempts.  
Therefore, we believe the prior results to be in error.  This could have two reasons.  
Previous procedures did not use full spectra for measuring sample concentration in 
calibration experiments, but only peak values of oxyHb were used, which makes 
spectrum fitting less reliable.  For example, if a small amount of metHb is undetected, it 
could lead to underestimation of the concentration. 
The most likely cause is that the term aI was thought to be small enough to be 
neglected (Liao, Martin de Llano et al. 1996).  The rate constant cited there was 
approximately 315 mM-1s-1 for 25°C.  If we assume instead it should have been 162 
mM-1s-1 as we measured here, that implies an aI of 1760 s-1, which, while somewhat high, 
is still plausible given the dependence of the term on the focusing of the beam as well as 
the laser power used.  Moreover, if focus was changed between calibration and 
measurement, the aI term could also change.  Unfortunately, our records are not detailed 
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enough to determine if it was indeed the case. 
 Although we cannot specify the reasons for our prior results, a preponderance of 
evidence have led us to believe that the reported values are representative, especially the 
agreement of the modulated excitation methods with the reservoir methods. 
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Appendix III —Numerical Integration of 
Kinetic Equations 
Numerical integration of kinetic equations has been performed whose results show 
the progress curve of the polymerization.  The core of this numerical integration is the 
double nucleation theory.  The basic idea of this analysis can be simplified in following 
steps: 
1) In bulk solution, polymerization initializes by first forming a homogeneous 
nucleus.  The concentration of homogeneous nucleus at each integration step is 
computed using 
 ( ) ( ) dtficic oo ×+=+ homhom 1                                     (A.11) 
 where f is the homogeneous nucleation rate. 
2) In the presence of polymers, heterogeneous nucleus are formed by 
( ) ( ) ( ) dt
dc
dfBicdtgicic heteroheterohetero Δ++=×+=+ )(1
2
α               (A.12) 
    where, g is heterogeneous nucleation rate, α is the elongation rate, df/dc 
represents the sensitivity of homogeneous nucleation rate f to monomer 
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concentration c. 
3) The total polymer end concentration is therefore  
heteroop ccc += hom                                            (A.13) 
4) The concentration of polymerized hemoglobin Δ is computed by 
( ) dtcii pα+Δ=+Δ )(1                                          (A.14) 
5) By incorporating our reduced growth rate model, the volume fraction available 
to polymers Vf is according to equation 6.18 
( )ppc
f eV
/4Δ−=                                                (A.15) 
6) The monomer concentration is then 
    Δ−= 0ccm                                                  (A.16) 
7) In each integration step, the following quantities are updated: 
Homogeneous nucleation rate f is interpolated from empirical dependences with 
monomer concentration c from kinetic experiments conducted in our lab and 
kindly provided by Maria Rotter.  Parameter B is interpolated empirically from 
Log B vs. Log c data by using fitting parameters appeared in the paper (Ferrone, 
Hofrichter et al. 1985).  df/dc is computed each round by calculating the 
differences: ( ) ( )iiii ccffdcdf −−= ++ 11 . 
8) Other parameters such as tenth time t1/10 used when combined with a multiple to 
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end integration is also interpolated empirically from 1985 paper. 
9) Elongation rate α is computed by   
)( ssii cck γγα −= +                                            (A.17) 
where the addition rate constant k+ is obtained from direct experimental 
observation (Samuel, Salmon et al. 1990).  Activity coefficient γ is calculated 
by interpolating from the empirical relation:  
        ( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛
−= 21
8exp φ
φγ , where volume fraction φ  is Vc=φ , V being the specific 
volume of hemoglobin molecule and taken as 0.77 cm3/g (Ferrone and Rotter 
2004). 
10) Solubility cs is calculated from empirical equation appeared in (Eaton and 
Hofrichter 1990).  
Using this protocol, the progress of polymerization can be visualized by plotting its 
time course.  Figure A-5 shows the time evolution of polymerization.  In Figure A-5, 
computation is based on the following parameters: c0=35 g/dl, T=35°C, integration steps 
Nstep=1000, integration time T=40﹡ t1/10 and gel density cpp=48.9g/dl.  The same 
simulation is performed in Figure A-6 with c0=25 g/dl, T=25°C, Nstep=2000, T=3.5﹡t1/10 
and cpp=48.6g/dl.  Although the purpose of this numerical analysis is not to exactly 
mimic the polymerization process, there are some interesting features that are worth 
noting and significant. 
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Figure A-5 Evolution of HbS polymerization computed by numerical integration (35oC). 
175 
 
  
 
Figure A-6 Evolution of HbS polymerization computed by numerical integration (25oC). 
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1) In A-5(b), using the fit parameter in Table 6.2 (d), i.e. cpp=48.9g/dl at 35°C, the 
asymptotic terminal concentration is indeed approximately 67%. 
2) Comparing Figure A-5 (a) and (b), homogeneous nucleation and therefore domain 
formation ceases in the early phase of polymerization. 
3) The depiction of monomer concentration vs. time in A-5(c) is an inversed version 
of A-5(b).  The similarity between subplot (c) and our experimental progress curve in 
Figure 3-4 indicates that this numerical integration captures the essence of 
polymerization and is therefore suggestive. 
4) The available volume fraction Vf vs. time in A-5(d) directly demonstrates how the 
polymer growth rate is reduced as polymerization progresses. 
5) Figure A-5(e) shows the ratio of heterogeneous nucleus to homogeneous nucleus 
as a function of time, which can be used as a proxy to estimate the number of polymers 
per domain.  It stabilizes once the heterogeneous nucleation slows down drastically. 
6) Figure A-5(f) shows time evolution of the concentration of polymerized monomer 
(blue), concentration of homogeneous (green) and heterogeneous (red) nuclei.  It 
reproduces the same feature of Figure 7 (Ferrone, Hofrichter et al. 1985) obtained by 
numerical integration of polymerization rate equations, which illustrates the relative 
contribution of the two nucleation processes. 
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In Figure A-7, the effects of different gel density cpp is tested and contrasted with the 
progress curve without this volume exclusion factor.  Other parameters are c0=35 g/dl, 
T=35°C, Nstep=1000, T=60﹡t1/10, cpp=48.9 g/dl(a & b), 55g/dl(c), 69g/dl(d). 
 
Figure A-7.  Polymerization progress curve calculated with different cpp (a,c,d) and 
without inclusion of the growth rate factor Vf. 
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Apparently from Figure A-7, inclusion of the growth rate factor Vf has a big impact 
on the shape of the progress curve.  Especially we can see from Figure A-5(d) that Vf 
decreases as polymerization goes on and consequently leading to a premature truce in the 
battle between the monomer addition and polymer dissociation.  Varying parameter cpp 
does not change the shape of the progress curve, except for a small terminal difference.  
However, if we do not include this growth rate controlling factor Vf, as can be seen from 
subplot (b), polymerization is unreined and proceeds until solubility. 
From this numerical integration analysis, the growth rate factor Vf seems to explain 
the premature termination of polymerization quite well.  This model dwells on the 
double nucleation framework and incorporates volume exclusion factor with kinetic 
equations and solution non-ideality.  Besides its simplicity, it offers insights into 
understanding the sickle hemoglobin polymerization process. 
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Matlab code for numerical integration of rate equations 
 
function [num_domain,ratio]=domain(c0,T,Nstep,n,Cpp,Method) 
% Domain analyis using double nucleation model 
% c0:    initial concentration (g/dl) 
% T:     Temperation in Celsius 
% Nstep: number of steps in integration 
% n:     Multiplier, n times tenthtime t_10 gives the end time t_end of integration 
% Cpp:   gel density parameter in reduced growth rate model 
% Method: if 1 apply Vf and reduced growth rate model, if 0 then not 
  
load('domain.mat'); % load parameters 
  
cs=100*(0.319-0.00883*T+0.000125*T*T); % empirical calculation of solubility (g/dl) 
  
delta_max=c0-cs; % maximum polymer concentration (g/dl) 
  
logc0=log10(c0/6.4454); % log(c0) (mM) 
  
% picking sets of parameters based on temperature (15C/25C/35C) 
if T==15 
    logB=logB(:,1); 
    logBA=logBA(:,1); 
    logf=logf(:,1); 
    logt_10=logt_10(:,1); 
    k=k(1); % k: k+ monomer addition rate constant 
elseif T==25 
    logB=logB(:,2); 
    logBA=logBA(:,2); 
    logf=logf(:,2); 
    logt_10=logt_10(:,2); 
    k=k(2); 
elseif T==35 
    logB=logB(:,3); 
    logBA=logBA(:,3); 
    logf=logf(:,3); 
    logt_10=logt_10(:,3); 
    k=k(3); 
end 
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% interpolation to get initial value of kinetic parameters 
B0=10^interp1(logc,logB,logc0,'spline'); 
B2A0=10^interp1(logc,logBA,logc0,'spline'); % B^2*A 
f0=10^interp1(logc,logf,logc0,'spline'); % homogeneous nucleation rate (mM s-1) 
A0=B2A0/B0/B0;  
gamma_s=10^interp1(c*6.4454,log_gamma,cs,'spline'); % activity coefficient at 
solubility 
a_s=gamma_s*cs/6.4454; % activity at solubility  
  
t10=10^interp1(logc,logt_10,logc0,'spline'); % tenth time 
  
t_end=t10*n; % time when integration ends (s) 
  
dt=t_end/Nstep; % (s) 
  
c_m=c0/6.4454; % set initial monomer concentration (mM) 
  
homo=0; % set initial homogeneous nuclei (mM) 
  
hetero=0; % set initial heterogeneous nucleation nuclei (mM) 
  
cp=0; % set initial total polymer concentration (mM) 
  
B=B0;  
delta=0; % initial polymerized hemoglobin concentration (mM) 
  
t=0; 
f=f0; % set initial homogeneous nucleation rate (mM s-1) 
Vf=1; % initial volume available to fibers 
  
% assign space for storing time series data 
t1=[]; 
n_domain=[]; 
n_cp=[]; 
f1=[]; 
c2=[]; 
delta1=[]; 
ratio=[]; 
dfdc1=[]; 
Vf1=[]; 
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% Integration 
for i=1:Nstep 
    t=t+dt; 
     
    %interpolate activity coefficient 
    gamma1=10^interp1(c*6.4454,log_gamma,c_m*6.4454,'spline'); 
    a=gamma1*c_m; 
     
    if Method==0 
        alpha=k*(a-a_s); % elongation rate 
    else 
        alpha=k*(Vf*a-a_s); % reduced elongation rate 
    end 
     
    % add homogeneous nuclei 
    homo=homo+f*dt; 
     
    % calculate df/dc 
    if i==1 
        dfdc=0; 
    else 
        ; 
    end 
    % add heterogeneous nuclei 
    hetero=hetero+((B^2/alpha)+dfdc)*delta*dt; 
    %(B^2/alpha)/dfdc 
     
    cp=homo+hetero; 
     
    delta=delta+alpha*cp*dt; % concentration of polymerized hemoglobin 
     
    Vf=exp(-4*delta*6.4454/Cpp); % volume avaliable to growing fibers 
     
    % store data in time series 
    n_domain(i)=homo; 
    n_cp(i)=hetero; 
    ratio(i)=hetero/homo; % compute ratio 
    t1(i)=t; 
    f1(i)=f; 
    c1(i)=c_m; 
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    delta1(i)=delta; 
    dfdc1(i)=dfdc; 
    Vf1(i)=Vf; 
     
    c_m_new=c0/6.4454-delta; % new monomer concentration (mM) 
        % if monomer concentration falls below solubility, Stop integration 
    if (c_m_new*6.4454<cs) 
        break 
    end 
     
    % interpolate new f and B based on new monomer concentration 
    f_new=10^interp1(logc,logf,log10(c_m_new),'spline'); 
    dfdc=(f_new-f)/(c_m_new-c_m); 
    B=10^interp1(logc,logB,log10(c_m_new),'spline'); 
     
    % overide  
    f=f_new; 
    c_m=c_m_new; 
end 
  
% plot progression curve 
plot(t1,(c0-c1*6.4454)/(c0-cs)/0.01,'.-'); title('percentage of polymerization vs. t'); 
  
figure 
a=(c0-c1*6.4454)/(c0-c1(end)*6.4454)/0.01; 
plot(t1,a,'.-'); title('percentage of polymerization vs. t'); 
  
figure 
subplot(2,4,1) 
plot(t1,n_domain/homo/0.01,'.-'); title('percentage of domain formed vs. t'); 
  
subplot(2,4,2) 
plot(t1,(c0-c1*6.4454)/(c0-cs)/0.01,'.-'); title('percentage of polymerization vs. t'); 
  
subplot(2,4,3) 
plot(t1,delta1,'.-'); title('delta(c) vs. t'); 
  
subplot(2,4,4) 
plot(t1,log10(delta1),'.-'); title('log delta(c) vs. t'); 
  
subplot(2,4,5) 
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plot(t1,c1*6.4454,'.-'); title('monomer concentration c_m (g/dl) vs. t'); 
  
subplot(2,4,6) 
%plot(log10(c1),log10(f1),'.-'); title('log f vs. log c'); 
plot(t1,Vf1,'.-'); title ('Vf vs. t'); 
  
subplot(2,4,7) 
plot(t1,ratio,'.-'); title('hetero/homo vs. t'); 
  
subplot(2,4,8) 
plot(t1,log10(delta1),'.-',t1,log10(n_domain),'.-',t1,log10(n_cp),'.-'); title('delta, f, g  vs. 
t'); 
  
n_domain1=f0*t_end 
ratio=ratio(end) 
c_m=c_m*6.4454 
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